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Collecting  Micrometeorites  from  the  South  Pole  Water  Well 

SUSAN  TAYLOR,  JAMES  H.  LEVER,  RALPH  R  HARVEY,  AND  JOHN  GOVONI 


INTRODUCTION 

Micrometeorites  are  tire  dominant  mass  contri¬ 
bution  to  the  present-day  Earth  and  add  one  hun¬ 
dred  tons  of  material  to  the  Earth  each  day 
(Brownlee  1981,  Love  and  Brownlee  1993).  Al¬ 
though  ubiquitous  in  terrestrial  environments, 
relatively  little  of  fhis  maferial  has  been  collecfed 
because  micromefeorifes  occur  in  low  concenfra- 
fions  and  generally  weafher  rapidly  To  collecf  mi¬ 
cromefeorifes  one  needs  fo  find  deposifs  where 
fhey  are  concenfrafed.  Like  mefeorifes,  micro¬ 
mefeorifes  range  from  unalfered  primordial  ma- 
ferials  fo  fhose  fhaf  have  seen  exfensive  differen- 
fiafion  and  alferafion  deep  wifhin  a  parenf  body 
They  represenf  collision-produced  fragmenfs  of 
asferoids  as  well  as  maferials  of  comefary  origin 
(Brownlee  ef  al.  1993).  Some  of  fhese  small  par¬ 
ticles  are  fhoughf  fo  confain  exofic  maferials,  in¬ 
cluding  infersfellar  grains  and  fragmenfs  of  solar 
sysfem  maferials  fhaf  have  no  counferparfs  among 
mefeorife  collections  (Bradley  ef  al.  1989,  Brownlee 
ef  al.  1993). 

In  fhis  paper  we  use  fhe  word  micromefeorife 
as  a  generic  ferm  referring  fo  all  f5q)es  of  ferresfri- 
ally  collecfed  exfraferresfrial  debris  wifh  sizes  <1 
cm.  Cosmic  spherules  refer  fo  spherical  and/or 
rounded  particles  fhaf  have  been  fofally  or  par¬ 
tially  melfed  by  afmospheric  enfry.  The  ferm  in- 
ferplanefary  dusf  parficle  (IDP)  refers  fo  fhe  small 
(<50  pm)  exfraferresfrial  particles  collecfed  in  fhe 
sfrafosphere. 

More  fhan  a  cenfury  ago  a  few  magnefic  cos¬ 
mic  spherules  were  found  in  deep-sea  sedimenfs 
collecfed  by  members  of  fhe  H.M.S.  Challenger  ex¬ 
pedition  (Murray  and  Renard  1876).  Bofh  iron  and 
silicafe  spherules  were  found,  and  if  was  fhoughf, 
especially  of  fhe  iron  spherules,  which  confained 
nickel  in  chondrific  proporfions,  fhaf  fhey  were  of 
mefeorific  origin.  The  presence  of  wusfife  in  fhese 
spherules,  a  high-femperafure  iron  oxide  found  in 
mefeorife  fusion  crusfs,  also  suggesfed  an  exfra¬ 
ferresfrial  origin  for  iron  spherules  (Marvin  and 
Einaudi  1967).  The  exfraferresfrial  origin  of  fhe 
silicafe  spherules,  which  are  composed  of  olivine, 
infersfifial  glass,  and  magnefife,  was  more  diffi- 
culf  fo  prove.  Major  elemenf  analysis  showed  fhaf 


fhey  had  chondrific  rafios  of  magnesium,  silicon, 
and  iron  (Blanchard  ef  al.  1978),  buf  if  required 
frace  chemical  analyses  fo  show  fheir  exfraferres¬ 
frial  origin  (Ganapafhy  ef  al.  1978). 

Cosmic  spherules  are  distinctive-looking  par¬ 
ticles  and  have  been  found  in  many  ferresfrial  en- 
vironmenfs.  They  have  been  found  in  fhe  swamps 
of  Siberia  (Krinov  1959),  in  deserf  sands 
(Eredriksson  and  Gowdy  1963),  in  beach  sand 
(Marvin  and  Einaudi  1967),  in  deep  sea  sedimenfs 
(Brownlee  1979),  in  lifhified  abyssal  sedimenfs 
exposed  on  land  (Czajkowski  ef  al.  1983,  Jehanno 
ef  al.  1988,  Taylor  and  Brownlee  1991),  in  Green¬ 
land's  cryoconife  and  melf-wafer  drainage  basins 
(Maureffe  ef  al.  1986, 1987;  Robin  ef  al.  1990),  and 
in  Anfarcfic  morainal  sedimenfs  (Hagen  1988, 
Koeberl  and  Hagen  1989),  aeolian  debris  (Harvey 
and  Maureffe  1991,  Hagen  ef  al.  1992),  and  ice  cores 
(Yiou  and  Raisbeck  1990,  Hagen  ef  al.  1992). 

Unmelfed  micromefeorifes  have  also  been 
soughf  and  found.  Inferplanefary  dusf  parficles 
(IDPs)  were  collecfed  in  fhe  sfrafosphere 
(Brownlee  ef  al.  1977)  and  are  routinely  collecfed 
by  NASA  using  U-2  high-flying  aircraft.  Larger 
unmelfed  micromefeorifes  were  found  in 
Greenland  ice  (Maureffe  ef  al.  1987),  and  many 
micromefeorifes,  primarily  <100  pm  in  size,  were 
found  upon  melfing  and  sieving  100  fons  of  Anf¬ 
arcfic  blue  ice  (Maureffe  ef  al.  1991). 

The  Soufh  Pole  Wafer  Well  (SPWW)  is  a  24-m- 
diameferby  15-m-deep  melf  pool  100  m  below  fhe 
snow  surface;  if  supplies  pofable  wafer  fo  fhe 
Amundsen-Scoff  Soufh  Pole  Sfafion.  Because  of 
fhe  large  volume  of  ice  melfed,  fhe  well  is  fhe  larg- 
esf  source  of  micromefeorifes  yef  discovered.  The 
compressed-snow  polar  ice  preserves  a  record  of 
melfed  and  unmelfed  micromefeorifes  in  an  envi- 
ronmenf  low  in  ferresfrial  debris,  and  fhe  well  pro¬ 
vides  fhe  concenfrafing  mechanism  necessary  for 
collecf ing  fhese  parficles.  The  large  pool  volume 
and  low  wafer-injection  rafe  produce  low  circula¬ 
tion  velocities  fhaf  carmof  enfrain  micromefeorifes 
melfed  ouf  of  fhe  ice.  These  parficles  should,  fhere- 
fore,  form  a  lag  deposif  on  fhe  well  boffom.  Based 
on  fhis  assumpfion,  we  builf  a  collecfor  fo  refrieve 
micromefeorifes  larger  fhan  50  pm  from  fhe  bof¬ 
fom  of  fhe  well.  We  deployed  fhe  collecfor  in  De- 


cember  1995  and  did  indeed  recover  large  num¬ 
bers  of  micrometeorites. 

The  SPWW  represents  a  uniquely  valuable 
source  of  micrometeorites.  The  age  of  the  ice  be¬ 
ing  melted  is  known  as  a  function  of  depth 
(Kuivinen  et  al.  1982),  making  it  possible  to  date 
the  depositional  age  of  the  particles  recovered. 
Although  the  SPWW  does  not  allow  horizontal 
(stratigraphic)  control  on  a  fine  scale  as  do  tradi¬ 
tional  cores,  the  large  numbers  of  extraterrestrial 
particles  from  different  time  periods  should  allow 
a  statistically  significant  study  of  the  recent  varia¬ 
tion  of  cosmic  dust  flux  at  the  Earth's  surface.  The 
first  year's  collection  is  an  integrated  sample  of 
micrometeorites  that  fell  to  Earth  between  1100 
and  1500  A.D.  As  melting  occurs  predominantly 
in  a  downward  (older  ice)  direction  at  a  known 


rate,  later  collections  will  be  integrated  samples 
from  known  depths,  and  thus  known  ages.  More 
specifically,  the  well  deepens  approximately  10  m 
each  year  (equivalent  to  100  years  of  deposition) 
and  will  melt  ice  that  dates  from  400  to  1500  A.D. 
during  its  life.  By  sampling  all,  or  a  known  per¬ 
centage,  of  the  well  bottom  and  repeating  the  col¬ 
lection  on  an  armual  basis,  the  flux  rate  and  any 
variation  in  either  rate  or  composition  of  micromete¬ 
orites  can  be  determined  on  a  100-year  time  scale. 

SOUTH  POLE  WATER  WELL 

In  1955  Henri  Bader  suggested  building  'water 
wells'  at  glacier  camps  after  observing  the  size  and 
shape  of  sewage  disposal  pits  (Clark  1965).  Schmitt 


Table  1.  Other  wells  built  in  polar  regions. 


Date 

Type 

Location 

Additional  information 

1959 

Water  wein 

Camp  Century,  Greenland 

Rodriguez  assembles  components  and  first 
well  is  made.  Well  reached  171.5  ft.  Observer 
lowered  into  the  well  after  most  of  the  water 
had  been  pumped  out  (Schmitt  and  Rodriguez 
1960). 

1960 

Water  wein 

Camp  Century,  Greenland 

Original  well  is  restarted,  producing  a  244-ft 
symmetrical,  bell-shaped  cavity  (Schmitt  and 
Rodriguez  1963). 

1960-1963 

Waste  heat 
storage'’ 

Camp  Century,  Greenland 

Made  from  waste  heat  from  a  nuclear  reactor 
(Clark  1965). 

1960-1961 

Water  well 

Tuto,  Greenland 

Russell  (1965). 

1964 

Water  welh 

Camp  Century,  Greenland 

Second  utility  well  created. 

1972 

Water  well 

South  Pole,  Antarctica 

Operated  3  months  (Williams  1974). 

1977-78 

Drilling  water 

Ross  Ice  Shelf,  Antarctica 

1990-91 

Water  welP 

South  Pole,  Antarctica 

Drilled  by  John  Rand  and  John  Govoni.  Mined 
for  micrometeorites  in  December  1995. 

1994-95 

Drilling  water 

South  Pole,  Antarctica 

Amanda  Project,  PICO 
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and  Rodriguez  (1960)  were  the  first  to  build  a  melt- 
pocket  water  well  in  ice,  and  subsequent  polar 
wells  have  been  called  Rodriguez  or  Rod  wells  (see 
Table  1  for  a  lisf  of  such  wells).  Researchers  have 
searched  for  cosmic  spherules  and  exfraferresfrial 
maferials  in  polar  wells  (e.g.,  Langway  1963, 
McCorkell  ef  al.  1970).  McCorkell  and  his  col¬ 
leagues  filfered  200,000  lifers  of  wafer  pumped 
from  a  mefer  from  fhe  well  floor  af  fhe  Camp  Cen- 
fury  well  in  Greenland.  They  found  no  excess  ^'"Al, 
an  exfraferresfrial  marker,  on  fheir  S-pm  fillers.  The 
micromefeorifes  had  probably  formed  a  lag  de- 
posif  on  fhe  well  floor,  buf  fhe  pump  infake  was 
too  high  on  fhe  well  bottom  to  enfram  fhe  particles. 

The  SPWW  is  a  Rodriguez  well  consfrucfed 
during  fhe  1992-93  ausfral  summer.  A  hof-wafer 
drill  was  used  to  melf  a  30-cm-diamefer  hole  info 
fhe  snow  fo  a  depfh  of  60-70  m.  The  drill  was  fhen 
towered  more  slowly  fo  creafe  a  large  pool  or  res¬ 
ervoir  of  wafer.  The  surface  wellhouse,  which  con- 
fains  fhe  equipmenf  for  drilling  and  operafing  fhe 
well,  consisfs  of  two  stacked  4.6  x  2.1  x  2.4  m  ship¬ 
ping  containers  (millvans).  The  wellhead  is  in  the 
tower  container,  about  2.5  m  below  the  present 
snow  surface.  The  30-cm-diam.  wellhead  and  neck 
accommodafe  fhe  elecfrical  cable  connected  fo  fhe 
submersible  pump,  emergency  heaf  frace,  and  two 


insulated  hoses  (one  carrying  water  to  the  surface 
and  one  refuming  warm  wafer  fo  fhe  well).  Be¬ 
cause  confaminafion  of  fhe  well  by  fuel  was  a 
major  concern,  a  low-femperafure  EPDM  (efhyl- 
ene  propylene  dienemonomer)  maf  surrounds  fhe 
wellhead  and  extends  ouf  7  m. 

The  SPWW  was  certified  as  a  source  of  pofable 
wafer  in  early  1994.  On  26  February  1994,  fhe  pool 
was  abouf  16  m  deep  and  22  m  in  diamefer,  and 
fhe  well  bottom  was  101  m  below  fhe  wellhouse 
(103.5  m  below  fhe  snow  surface.  Appendix  A). 
Before  consumpfion  began,  however,  an  elecfrical 
fire  in  fhe  pump  cable  on  1  March  1994  forced  a  9- 
monfh  shufdown.  During  fhe  shufdown,  a  4-m- 
fhick  ice  layer  formed  on  fhe  pool  surface  and  6- 
11  m  of  freezeback  occurred  on  fhe  walls  and  bof- 
fom.  The  well  was  resfarfed  in  December  1994  by 
drilling  fhrough  fhe  ice  layer  and  recirculating 
warm  wafer  as  before.  By  March  1995,  fhe  well 
had  melfed  below  fhe  prefire  level  and  released 
any  particles  frapped  during  fhe  freezeback.  Fig¬ 
ure  1  shows  fhe  approximate  well  geomefry  be¬ 
fore  and  after  fhe  fire  and  af  fhe  fime  of  deploy- 
menf  in  December  1995.  If  also  shows  fhe  corre¬ 
sponding  age  of  fhe  ice  (and  fhe  deposifional  age 
of  fhe  micromefeorifes). 

The  SPWW  has  supplied  pofable  wafer  since 


Figure  1.  Evolution  of  the  South  Pole  Water  Well. 
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January  1995.  The  reservoir  has  reached  a  rela¬ 
tively  stable  size  of  about  24  m  diameter  and  16  m 
depth  and  contains  about  5,000  of  wafer  (based 
on  wafer  consumpfion  and  depfh  dafa.  Appendix 
A).  The  presenf  consumpfion  rafe  is  abouf  2,000 
m3  (abouf  2  million  lifers)  per  year.  The  pump 
draws  wafer  from  abouf  1  m  below  fhe  wafer  sur¬ 
face.  Abouf  10%  of  fhe  wafer  is  consumed  and  fhe 
resf  is  heafed,  using  wasfe  heaf  from  fhe  sfafion, 
and  refumed  fo  fhe  well. 

The  flow  rafe  of  refurning  wafer  is  abouf  1 
L  s-l,  and  if  is  discharged  3  m  below  fhe  wafer 
surface  fhrough  a  nozzle  designed  fo  produce  a 
uniform,  90°  cone-shaped  jef.  Peak  discharge  ve- 
locify  1  m  away  from  fhe  nozzle  should  be  less 
fhan  1  mm  s“l,  and  no  remnanfs  of  fhe  jef 
should  persisf  af  fhe  well  bottom.  Rafher,  fhe 
jef  and  heaf  inpuf  probably  esfablish  large-scale 
circulation  cells  in  fhe  pool.  If  seems  very  unlikely 
fhaf  circulation  velocities  af  fhe  well  bottom  would 
be  adequafe  fo  enfrain  fhe  micromefeorifes  of 
inferesf. 

The  efforf  required  fo  model  fhe  flow  disfribu- 
fion  in  fhe  SPWW  was  beyond  fhe  scope  of  our 
work.  However,  we  esfimafed  fhe  velocifies 
needed  fo  fransporf  micromefeorifes  and  assessed 
whefher  such  velocifies  were  likely  fo  be  presenf. 
To  inifiafe  movemenf  of  a  50-)rm  parficle  wifh  a 
densify  of  2.5  g  cm“3  (stony  or  glassy  micromefe¬ 
orifes),  flow  velocify  along  fhe  well  bottom  would 
need  fo  exceed  abouf  6  cm  s“3  (ASCE  1975).  The 
micromefeorifes  of  inferesf  are  generally  larger  or 
more  dense  and  hence  would  have  higher  fhresh- 
olds.  If  seems  unlikely  fhaf  boffom  velocities 
would  exceed  fhreshold  values,  given  fhaf  veloci¬ 
fies  1  m  from  fhe  nozzle  are  subsfanfially  lower. 
We  fherefore  fhoughf  fhaf  micromefeorifes  would 
form  a  lag  deposif  on  fhe  well  boffom  as  fhey  are 
melfed  ouf  of  fhe  ice. 

Originally  we  had  plarmed  fo  deploy  fhe  col- 
lecfor  during  an  armual  mainfenance  period  when 
fhe  well's  pump  and  hoses  were  removed  for  ser¬ 
vicing.”^  However,  space  in  fhe  well  house  is  very 
limited,  complicafing  collecfor  deploymenf,  and 
our  collecfion  time  would  have  been  resfricfed  fo 
a  few  hours.  For  fhese  reasons  we  drilled  a  sec¬ 
ond  access  hole,  abouf  2  m  from  fhe  cenfral 
hole,  and  had  a  separafe  work  area  consfrucfed 
(Fig.  2). 


q.H.  Rand,  1996,  Ice  Engineering  Division,  CRREL,  per¬ 
sonal  communication. 


COLLECTOR  DESIGN 
Technical  objectives 

Our  technical  objectives  were  (a)  to  collect  es¬ 
sentially  all  of  fhe  micromefeorifes  from  a  large, 
known  area  of  fhe  well  boffom,  and  (b)  fo  be  ca¬ 
pable  of  refuming  fo  fhe  same  area  of  fhe  well 
boffom  armually.  Assuming  fhaf  fhe  micromefe¬ 
orifes  form  a  lag  deposif,  meeting  fhese  technical 
objectives  would  allow  us  fo  calculate  flux  rafes 
and  documenf  any  temporal  changes  in  fhe  com- 
posifion  of  fhe  parficles  (i.e.,  meef  fhe  scientific 
objecfives). 

Design  requirements  and  performance  criteria 

The  nature  of  fhe  SPWW  imposes  sfricf  require- 
menfs  on  fhe  collecfor  design.  The  collecfor  musf 
nof  degrade  wafer  qualify  under  any  circum- 
sfances.  If  musf  fif  down  a  30-cm-diam.  well  neck 
and  survive  a  cold  soak  af  -50°C  during  ifs  de- 
scenf  fo  fhe  well  pool.  If  musf  operate  remofely  in 
abouf  20  m  of  wafer  af  a  disfance  of  200  m  below 
fhe  snow  surface. 

In  addition,  we  specified  several  performance 
criteria  fo  help  guide  our  design  selections.  The 
collecfor  should  collecf  essentially  all  parficles  in 
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Figure  2.  Approximate  size  and  shape  of  the  South  Pole 
Water  Well  in  December  1995. 
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the  size  range  50-1000  gm  without  bias  to  compo¬ 
sition  (e.g.,  toward  magnetic  particles).  Its  collec¬ 
tion  efficiency  should  be  high  (and  we  should 
measure  if).  If  should  cause  no  physical  or  chemi¬ 
cal  changes  fo  fhe  particles.  Ifs  design  should  mini¬ 
mize  handling  losses  affer  collection.  If  should  give 
reliable  performance  and  be  adapfable  fo  un¬ 
known  boffom  surface  condifions.  In  addition,  ifs 
design  should  minimize  fhe  possibilify  of  if  be¬ 
coming  sfuck  in  fhe  well. 

Preliminary  design 

We  had  a  brainstorming  session  fo  gafher  pre¬ 
liminary  collecfor  concepfs.  Affer  reviewing  fhese 
ideas,  we  selecfed  a  concepf  fhaf  involved  down¬ 
hole  suctioning  and  filfering  of  fhe  particles  by  a 
mobile  collecfor  confrolled  from  fhe  surface.  Fig¬ 
ure  3  shows  fhis  concepf  as  originally  envisioned. 
If  utilizes  fhe  unconsfrained,  verfical  dimension 
of  fhe  well  neck  fo  maximize  fhe  filter  capacify  and 
fhe  area  swepf  ouf  by  fhe  collecfor  in  a  single  pass. 
A  pump  develops  a  high-speed  flow  fo  sucfion 
particles  fhrough  a  slof  along  fhe  underside  of  a 
long,  flexible  arm  confaining  a  filler.  The  filler  arm 
would  be  formed  from  a  flexible,  drinking-wafer- 
safe  plastic  fo  allow  if  fo  conform  fo  fhe  curved 
well  boffom.  We  could  drive  fhe  long  arm  around 
in  a  circle  and  measure  ifs  rofafion  fo  defermine 


fhe  area  swepf.  Separate  filler  chambers  disfrib- 
ufed  along  fhe  arm  would  reveal  information 
abouf  fhe  radial  disfribufion  of  particles.  Alterna¬ 
tively,  we  could  independenfly  operafe  a  drive 
mofor  af  eifher  end  of  a  shorfer  version  of  fhe  col¬ 
lecfor  fo  maneuver  if  over  undulating  well-bof- 
fom  fopography.  An  underwafer  video  camera 
would  help  maneuver  fhe  collecfor  and  documenf 
fhe  area  swepf. 

This  concepf  confains  many  advanfages  over 
alfemafives  considered.  Suctioning  particles  by  en- 
fraining  fhem  in  a  wafer  sfream  should  avoid  any 
compositional  bias  in  fhe  collection  (assuming  fhaf 
fhe  wafer  flow  is  high  enough  fo  enf rain  fhe  heavi¬ 
es!  particles  of  inferesf).  Down-hole  filfering 
avoids  fhe  need  fo  pump  wafer  and  particles  fo 
fhe  surface,  saving  pumping  requiremenfs  and 
avoiding  particle  damage  and  losses  wifhin  fhe 
piping  sysfem.  Indeed,  our  design  minimizes  par¬ 
ticle  damage  and  losses  by  incorporating  fhe  fil¬ 
ter  immediafely  downsfream  of  fhe  infake  slof. 

Furfher  developmenf  of  fhis  concepf  required 
basic  dafa  on  fhe  number  of  particles  expected  (fo 
defermine  filter  capacify),  fhe  flow  velocify  needed 
fo  enfrain  fhe  particles  of  inferesf,  and  fhe  pump¬ 
ing  tosses  expected  (fo  size  fhe  pump).  We  also 
investigated  several  fabrication  opfions  fo  incor¬ 
porate  a  filter  info  fhe  collecfor  arm. 


Figure  3.  Original  collector  concept  (layout  and  filter  arm  cross-section). 
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Particulate  concentrations  expected 

We  determined  the  filter  mesh  size  and  required 
area  using  information  on  the  size  distribution  and 
amounts  of  parficulafes  in  Anfarcfic  ice  and  esfi- 
mafes  of  exfraferresfrial  parficle  concenfrafions  in 
Greenland  and  Anfarcfic  ice. 

The  number  of  parficulafes  in  Anfarcfic  ice  <30 
pm  have  been  defermined  using  Coulfer  counfers 
(unpublished  dafa  from  E.M.  Thompson)  and  by 
counfing  fhe  number  of  particles  from  phofomi- 
crographs  faken  using  a  scanning  elecfron  micro¬ 
scope  (Higashi  ef  al.  1990).  The  number  of  particles 
is  very  high:  20,000  particles/ mL  of  wafer  for  sizes 
less  fhan  1  pm,  and  abouf  7000  parficles/mL  of 
wafer  in  fhe  1-30-pm  size  range  (unpublished  dafa 
from  E.M.  Thompson).  These  particles  are  over¬ 
whelmingly  ferresfrial  in  origin.  Thus,  fo  avoid 
clogging  our  filler  wifh  ferresfrial  particles,  we 
chose  a  filler  fabric  wifh  a  53-pm  opening.  This 
should  limif  our  collection  fo  particles  larger  fhan 
abouf  50  pm  unless  fhe  filler  plugs  significanfly. 
These  larger  particles  are  easy  fo  handle  and  ana¬ 
lyze. 

We  esfimafed  fhe  fraction  of  exfraferresfrial  fo 
ferresfrial  particles  in  Anfarcfic  ice  larger  fhan  50 
pm  using  dafa  from  Maureffe  ef  al.  (1991).  They 
melfed  100  Ions  of  Anfarcfic  ice  and  recovered 
abouf  10  grams  of  parficulafe  maferial.  This  male- 
rial  included  9000  micromefeorifes  50  fo  100  pm 
in  diamefer,  6500  micromefeorifes  100  fo  400  pm 
in  diamefer,  and  9  micromefeorifes  larger  fhan  400 
pm.  Assuming  an  average  densify  of  2.5  g  cm“3, 
and  faking  75  pm  as  fhe  average  diamefer  for  fhe 
50-  fo  100-pm-sized  particles,  250  pm  for  fhe  100- 
fo  400-pm  particles,  and  400  pm  as  fhe  diamefer 


for  particles  larger  fhan  400  pm,  we  esfimafe  fhaf 
0.15  g  of  fhe  10  g  recovered,  or  abouf  1.5%,  was 
exfraferresfrial. 

Maureffe  ef  al.  (1987)  esfimafed  fhe  microme- 
feorife  flux  rale  falling  on  Greenland  ice  as  6.3  x 
10“^  g  m“2  yr-l  for  fhe  50-300-pm  size  range.  Love 
and  Brownlee  (1993)  measured  fhe  micromefeor- 
ife  flux  rale  in  space,  using  fhe  Long  Duration  Ef- 
fecfs  Eacilify,  as  40  (±20)  x  10^  kg  yr“l,  or  1.2  x 
10“^  fo  3.9  X  10“^  g  m“2  yr-l.  The  difference  be¬ 
tween  fhe  LDEE  and  fhe  Greenland  values  sug- 
gesfs  fhaf  5  fo  15%  of  fhe  parficles  survive  afmo- 
spheric  passage.  Eigure  4  shows  fhe  size  disfribu- 
fion  of  micromefeorifes  expecfed  af  fhe  SPWW 
based  on  fhe  Greenland  flux  rafe.  Our  original  es¬ 
fimafe  for  fhe  diamefer  of  fhe  SPWW  was  15  m 
and  fhaf  10  m  of  downward  melting  (100  years  of 
deposition)  would  occur  each  year.  Thus,  we  ex¬ 
pecfed  fhaf  yearly  collection  could  yield  0.11  grams 
of  micromefeorifes,  or  abouf  10^  parficles  larger 
fhan  50  pm  based  on  fhe  flux  rafe  of  Maureffe  ef 
al.  (1987).  However,  we  expecfed  fhe  firsf  collec¬ 
tion  in  1995-96  fo  have  fhree  fo  four  fimes  fhis 
amounf  of  maferial  because  of  fhe  larger  ice  vol¬ 
ume  melfed  fo  creafe  and  operafe  fhe  well  prior  fo 
our  deploymenf. 

We  also  expecfed  fhe  operation  of  fhe  SPWW 
fo  add  parficulafes  fo  fhe  well.  To  defermine  an 
approximafe  counf,  we  asked  John  Rand  fo  fiber 
8  L  of  wafer  from  fhe  SPWW  fhrough  a  cellulose 
nifrafe  membrane  fiber  wifh  a  5-pm  pore  size.  We 
examined  fhe  fiber  bofh  optically  and  wifh  a  scan¬ 
ning  elecfron  microscope.  Eleven  percenf  of  fhe 
surface  area  of  fhe  fiber  yielded  15  fibers  and  568 
parficles,  mosf  in  fhe  5-10-pm  size  range.  Eorfy- 


Figure  4.  Number  and  size  distribution  of  particles  >50  jxm  estimated  for 
the  bottom  of  the  SPWW. 
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four  particles  were  larger  than  50  pm.  A  random 
sampling  of  these  particles  using  an  SEM/EDX 
found  a  copper  sulfate  grain,  an  alumino  silicate 
with  some  CuS  on  its  surface,  a  fibrous  particle 
(probably  plastic)  with  some  mineral  fragments 
adhered,  a  very  platey  alumino  silicate  that  con¬ 
tained  Mg,  Ca,  and  Ee,  possibly  a  clay,  several  plas¬ 
tic  pieces,  and  four  particles  containing  Ee,  Ni,  Cr, 
Pb,  Al,  Si,  and  a  trace  of  S.  Most  of  these  particles 
probably  come  from  the  heat  exchanger,  pump, 
and  hoses  used  to  operate  the  well.  Assuming  that 
the  number  of  particles  found  in  the  8-L  sample  is 
representative  of  what  would  be  found  in  2000  m^ 
(the  amount  of  water  melted  during  one  year  of 
operation),  that  all  these  particles  were  from  the 
well  equipment,  and  that  they  settle  to  the  bottom 
and  are  collected  by  our  device,  10®  terrestrial  par¬ 
ticles  would  be  added  to  our  collection,  or  about 
1000  terrestrial  particles  for  each  extraterrestrial 
particle  larger  than  50  pm.  Annual  collection 
would  thus  yield  a  total  of  about  100  g  of  material. 

The  8-L  sample  also  revealed  the  presence  of 
submicron  particles  of  iron  oxide  in  the  well  wa¬ 
ter.  The  white,  cellulose  nitrate  membrane  filter 
turned  a  bright  orangish  color  after  filtration,  and 
energy-dispersive  X-ray  analyses  of  the  filter 
showed  only  the  presence  of  iron.  The  rust  is 
thought  to  be  from  the  heat  exchangers  or  pump 
used  for  the  well.  Until  January  1994,  the  water  in 
the  SPWW  was  acidic  (pH  4.8),  very  soft,”^  and  cor¬ 
rosive  to  metals.  NSP  has  neutralized  the  water 
(pH  6.9)  by  rurming  it  through  a  limestone  bed. 
This  measure  may  diminish  the  formation  of  iron 
oxide.  In  addition,  a  fire  retardant  (Ansul  dust, 
similar  to  baking  soda)  was  used  during  the  1994 
well  fire.  Particles  of  this  fire  retardant,  soot,  and 
melted  insulation  could  also  have  reached  the  well 
pool,  although  most  should  have  deposited  along 
the  well  neck. 


PUMPING  REQUIREMENTS  AND 
PRELIMINARY  TESTS 

Our  collector  design  allowed  for  almost  1  m^ 
of  30-cm-wide  filter  fabric  inside  a  3-m-long  filter 
arm  using  a  single  fold  of  the  filter  to  create  a 
pouch.  We  obtained  a  polyester  filter  consisting 
of  53-pm  mesh  openings  and  10®  openings/m^. 
Thus,  1  m2  of  this  filter  should  trap  the  expected 


’^H.  Mahar,  1996,  National  Science  Foundation,  personal 
communication. 


10®  particles  before  plugging.  Design  guidance 
suggested  using  a  pressure  drop  of  34  kPa  (5  lb 
in.“2)  across  the  filter  to  determine  pumping  re¬ 
quirements.  We  expected  that  this  loss  would 
dominate  all  pumping  losses. 

We  estimated  the  required  pumping  rate  from 
the  velocity  needed  to  entrain  1-mm-diameter 
sand  particles  in  water  (ASCE  1975).  The  average 
velocity  in  the  intake  slot  must  exceed  the  particle 
fall  velocity  of  about  10  cm/s  to  carry  these  par¬ 
ticles  into  the  filter.  In  addition,  the  friction  veloc¬ 
ity  between  the  filter  arm  and  the  ice  surface  must 
exceed  the  threshold  value  to  initiate  particle 
movement  of  about  3  cm  s“l.  This  requires  that 
the  average  flow  exceed  about  15  cm  s“i,  if  we  as¬ 
sume  that  the  gap  between  the  filter  arm  and  the 
ice  surface  is  about  1  mm.  Both  conditions  are  met 
if  the  average  velocity  exceeds  30  cm  s“i  in  a  1- 
mm-wide  intake  slot  (or  15  cm  s“l  in  a  2-mm-wide 
intake  slot).  We  selected  a  compact,  submersible 
pump  that  could  deliver  1.6  L  s“l  at  34  kPa  or  about 
50  cm/s  through  a  1 -mm- wide  x  3-m-long  intake 
slot.  Near  zero  pressure,  the  pump  delivers  about 
3  L  s“l  (100  cm/s  through  a  1-mm-wide  x  3-m- 
long  intake  slot). 

We  expected  that  the  high-pressure  drop 
through  the  filter  and  the  narrow  intake  slot  would 
establish  relatively  uniform  intake  velocities  along 
the  slot.  Nevertheless,  we  conducted  flow  tests  on 
a  30-cm-long  x  13-cm-wide  model  of  the  filter  arm 
(front-slot  version,  Eig.  3)  to  verify  particle  pickup 
and  assess  the  velocity  distribution.  This  model 
contained  pressure  taps  that  allowed  us  to  mea¬ 
sure  the  pressure  drop  across  the  intake,  the  filter, 
and  the  plenum  areas  at  three  cross-sections  along 
the  collector.  We  also  measured  the  total  flow  rate. 
Eor  these  tests,  we  prepared  mixtures  of  simulated 
extraterrestrial  particles  consisting  of  stainless  steel 
and  glass  spheres  and  silica  sand,  covering  a  size 
range  of  50-420  pm. 

We  found  no  appreciable  plugging  of  the  filter 
(negligible  increase  in  pressure  drop  across  filter, 
negligible  decrease  in  flow  rate)  even  after  collect¬ 
ing  68  g  of  material.  The  maximum  pressure  drop 
across  the  53-pm  filter  was  4.2  kPa,  and  the  corre¬ 
sponding  minimum  flow  rate  was  0.31  L  s“l  (rep¬ 
resenting  100  cm  s“l  through  the  1-mm-wide  x30- 
cm-long  intake  slot).  The  collector  model  easily 
suctioned  up  particles  lying  several  millimeters  in 
front  of  the  intake.  However,  because  the  flow 
velocity  drops  quickly  inside  the  collector,  the  col¬ 
lected  particles  were  deposited  on  the  bottom  of 
the  filter  pouch  downstream  of  the  slot  rather  than 
evenly  plugging  the  fabric. 
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These  tests  also  revealed  several  disadvantages 
of  our  original,  front-slot  design:  (a)  filter  installa¬ 
tion  was  awkward,  (b)  it  would  be  difficult  to  con¬ 
trol  the  slot  width  if  the  arm  was  made  from  flex¬ 
ible  plastic,  and  (c)  the  flow-collecting  plenum 
channel  downstream  of  fhe  filter  needed  to  be 
larger  to  reduce  the  pressure  drop  (and  hence 
maintain  a  more  uniform  intake  velocity  distribu¬ 
tion)  along  the  collector  arm. 

For  these  reasons,  we  modified  fhe  collector- 
arm  design  to  produce  a  central  intake  slot  and  a 
flow  plenum  channel  along  each  side  (Fig.  5).  The 
arm  can  be  fabricated  from  a  machined  and  folded 
piece  of  low-density  polyethylene  (LDPE).  0-rings 
secure  the  sides  of  the  filter  fabric  adjacenf  to  the 
intake  slot,  and  folding  results  in  a  filter  pouch. 
End  caps  with  0-rings  seal  the  filter  pouch  and 
prevent  flow  leakage.  Aluminum  ribs  spaced 
along  the  arm  maintain  the  geometry  of  the  arm 
and  slot  and  prevent  collapse  of  fhe  plastic  under 
suction.  Although  this  design  draws  flow  equally 
from  bofh  direcfions  under  the  collector,  resulting 
in  lower  velocities  along  the  ice  surface,  we  felt 
the  manufacturing,  assembly,  and  flow-distribu¬ 
tion  advantages  outweighed  this  disadvantage. 

We  conducted  flow  tesfs  on  a  30-cm-long  x  18- 
cm-wide  model  of  the  central-slot  collector  arm. 
This  model  developed  better  flow  distribution,  as 
evidenced  by  a  lower  pressure  drop  through  the 
filter  and  negligible  pressure  drop  along  the  ple¬ 
num  channels.  It  also  easily  suctioned  up  the  test 
particles.  No  appreciable  plugging  of  fhe  filter  oc¬ 
curred  even  though  it  collected  almost  200  g  of 
material,  and  the  resulting  minimum  flow  rate  was 
0.33  L  s“T  It  was  also  much  easier  to  install  and 
remove  filters  with  this  model.  With  careful  ma¬ 
chining,  a  relatively  uniform  intake  slot  was 


formed  by  folding  and  securing  fhe  fwo  sides  of 
fhe  arm. 

An  importanf  modification  resulted  from  these 
tests.  We  found  fhat  particles  could  escape  back 
through  the  intake  slot  when  we  pulled  the  col¬ 
lector  out  of  the  water  and  the  pump  lost  suction. 
To  prevent  this  "backflushing"  of  particles,  we 
installed  a  thin  strip  of  l-pm  filter  fabric  (later 
replaced  with  a  strip  of  thin  LDPE)  to  serve  as  a 
flow  check  valve.  This  solved  the  backflushing 
problem. 

FINAL  DESIGN 

We  constructed  two  fully  operational  collectors 
based  on  the  central-slot  design.  We  initially  built 
a  1.2-m-long  prototype  to  assess  the  design's 
maneuverability  and  collection  efficiency  on  iced 
surfaces.  This  protot5q)e  also  provided  us  wifh  a 
shorter,  more  maneuverable  collector  to  use  in  the 
SPWW  as  an  alternative  to  the  3-m-long  device 
originally  plarmed. 

Pigure  6  shows  the  basic  features  of  the  1.2-m 
collector.  The  filter  arm  consists  of  a  single  ma¬ 
chined  and  folded  sheef  of  LDPE  wifh  the  same 
internal  layout  as  the  30-cm-long  model  (Eig.  5). 
This  arm  is  quite  flexible,  allowing  the  collector  to 
conform  to  a  surface  curvature  of  about  2  m  ra¬ 
dius  (30  cm  rise  over  1.2  m).  The  LDPE  also  exhib¬ 
its  low  friction  on  wet  ice.  A  central,  waterproof 
aluminum  housing  contains  the  pump  and  drive 
motors  and  all  electrical  connections;  the  externally 
mounted  pump  housing  is  also  aluminum.  0-rings 
seal  the  removable  end  plates  and  motor  shafts. 
Traction  is  via  heavy,  stainless  steel,  spiked  wheels 
driven  by  DC  gear  motors  through  articulated  alu- 


(check  valve  to  prevent 
back-flushing) 


Figure  5.  Final  collector-arm  cross-section. 
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Figure  6.  Major  components  of  the  1.2-m  operational  collector. 


minum  shafts.  The  manufacturer  rated  these  mo¬ 
tors  for  a  continuous  duty  torque  of  4.6  N-m.  At 
each  end  of  the  arm,  heavy  aluminum  assemblies 
guide  the  motor  shafts  and  help  the  collector  con¬ 
form  to  surface  curvature.  In  addition,  one  of  these 
end  assemblies  contains  an  internal  flow  passage 
(manifold)  to  cormect  the  pump  to  the  two  ple¬ 
num  chambers  along  the  arm. 

An  electromechanical  cable  cormects  to  the  cen¬ 
tral  housing  via  a  waterproof  cormector.  This  cus¬ 
tom-made,  LDPE-jacketed  cable  contains  19  elec¬ 
trical  conductors  to  operate  the  collector,  under¬ 
water  video  camera,  and  lights  at  the  SPWW.  It 
also  contains  an  internal  Kevlar  braided  jacket, 
with  a  rated  breaking  strength  of  4500  N,  to  act  as 
a  strength  member.  Mechanical  attachments  at  the 
housing  and  end  assembly  transfer  the  weight  of 
the  collector  to  the  cable.  This  17-mm-diam.  cable 
is  quite  flexible  and  can  bend  to  a  minimum  ra¬ 
dius  of  30  cm  at  -50°C.  All  collector  and  cable  com¬ 
ponents  were  accepted  for  use  in  the  SPWW.  Fig¬ 
ure  7  shows  a  schematic  of  the  1.2-m  collector, 
cable,  camera,  and  lights  in  the  SPWW. 

We  also  constructed  a  2.4-m-long,  central-slot 
collector  (Fig.  8).  We  chose  this  length  for  the  filter 
arm  because  the  longest  sheet  of  LDPE  available 
to  us  was  2.4  m.  This  collector  utilizes  similar  com¬ 
ponents  but  is  completely  independent  of  the  1.2- 
m  collector.  It  possesses  two  waterproof  housings, 
each  fitted  with  a  pump  and  drive  motor.  Both  alu¬ 
minum  end  assemblies  contain  internal  manifolds 
to  connect  the  pumps  to  the  plenum  chambers  in 
the  arm.  We  can  replace  one  drive  wheel  and  mo¬ 
tor  with  a  90°  gear  box  and  rotation  transducer  to 
measure  the  rotation  of  the  arm  around  a  pivot 


point.  The  same  electromechanical  cable  operates 
either  collector.  Many  of  the  individual  compo¬ 
nents  are  interchangeable  between  the  1.2-m  and 
2.4-m  collectors,  providing  a  level  of  redundancy; 
we  also  purchased  numerous  spare  parts,  includ¬ 
ing  a  second  electromechanical  cable. 

The  underwater  video  camera  consisted  of  a 
high-resolution  color  camera  and  a  zoom  lens 
mounted  inside  an  aluminum  pressure  housing 
(rated  to  1000-m  water  depth).  A  thermostatically 
controlled  heater  ensured  normal  camera  opera¬ 
tion  at  -50  °C.  Two  independently  operated  500- 
W  waterproof  lamps  provided  illumination,  with 
one  projecting  sideways  from  the  collector  and  one 
projecting  downward  from  the  camera.  Water¬ 
proof  connectors  cormected  the  camera  and  lamps 
to  the  electromechanical  cable.  This  equipment 
was  operated  through  a  video  control  unit  and  a 
video  monitor  at  the  surface. 

The  video  system  provides  the  visual  feedback 
needed  to  maneuver  the  collector.  We  control  the 
rotation  speed  and  direction  of  drive  motors  us¬ 
ing  two  DC  power  supplies  at  the  surface.  Cur¬ 
rent  limiters  ensure  operation  of  the  motors  be¬ 
low  their  continuous-duty  torque  ratings.  A  simple 
rectifier  and  switch  are  sufficient  to  operate  the 
collector  pumps.  We  can  monitor  the  current 
drawn  by  the  pumps  to  determine  the  approxi¬ 
mate  flow  rate. 

A  reversible,  constant-speed  winch  raises  and 
lowers  the  collector  via  the  electromechanical 
cable.  Aset  of  slip  rings  provide  electrical  cormec- 
tions  between  the  rotating  cable  and  the  station¬ 
ary  surface  equipment.  The  cable  passes  over  a  76- 
cm-diam.  sheave  mounted  on  top  of  a  3.6-m  high 
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Figure  7.  Schematic  of  the  1.2-m  collector  in  the  SPWW. 


tower  and  then  connects  to  the  collector  (Fig.  8). 
The  tower  allows  the  collector  to  hang  vertically 
before  descending  through  the  well  neck;  it  also 
allows  the  cable  to  warm  slightly  during  ascent 
before  bending  over  fhe  sheave.  The  winch,  lower 
assembly,  and  video  and  collecfor  confrol  equip- 
menf  fif  inside  fhe  winch  room  locafed  direcfly 
above  fhe  second  access  hole  fo  fhe  SPWW 
(Fig.  2). 

Prototype  tests  and  modifications 

Validating  the  performance  of  our  parficle  col- 
lecfion  sysfem  prior  fo  ifs  firsf  use  af  fhe  Soufh 
Pole  was  an  essenfial  sfep  in  our  design  plan.  We 


arrived  af  fhe  final  collecfor  designs  fhrough  a  se¬ 
ries  of  laboratory  tesfs,  primarily  using  fhe  1.2-m 
collecfor  profotype.  The  goals  of  fhese  fesfs  were 
fo  assess  fhe  collecfor 's  maneuverability  and  col¬ 
lection  efficiency  on  submerged,  iced  surfaces  and 
fo  make  modificafions  as  warranfed  before  build¬ 
ing  fhe  2.4-m  collector.  We  used  two  main  test  fa¬ 
cilities:  al.5mxl.5mx  0.3-m-deep  tank  with  a 
cold  plate  on  its  bottom  to  grow  a  flat  layer  of  ice, 
and  a  2.5-m-wide  x  6-m-long  x3.6-m-high  iced 
ramp  wifh  a  curved  parabolic  profile  fhaf  approxi¬ 
mated  published  shapes  for  earlier  Rodriguez 
wells  (Schmiff  and  Rodriguez  1963,  Russell  1965, 
Williams  1974,  Lunardini  and  Rand  1995).  We 
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Figure  8.  2.5-m  operational  collector  suspended  from 
the  cable  on  a  winch. 


could  submerge  the  iced  ramp  in  a  9-m-wide  x 
37-m-long  x  2.4-m-deep  refrigerated  basin.  This 
provided  the  most  realistic  simulation  of  fhe  collec- 
for's  operation  in  fhe  SPWW;  however,  we  were 
unable  fo  conducf  quanfifafive  collection-effi¬ 
ciency  fesfs  wifh  fhis  arrangemenf. 

We  quickly  found  fhaf  collector  maneuverabil- 
ify  was  very  good  on  bofh  fhe  flaf  and  curved  iced 
surfaces.  The  heavy  spiked  wheels  provided  ex¬ 
cellent  fracfion,  and  mofor  torque  was  adequate 


for  fhe  collector  fo  climb  up  fhe  ramp  fo  a  location 
wifh  a  45°  downward  slope.  Pump  suction  did  nof 
affecf  collector  mobilify. 

We  conducfed  four  quanfifafive  collection  effi¬ 
ciency  fesfs,  all  using  fhe  1 .2-m  collector  in  fhe  1.5- 
m  iced  fank.  In  all  four  cases,  we  used  a  53-pm 
polyesfer  filter  and  a  5-cm-wide  sfrip  of  LDPE  as 
a  check  valve.  We  again  used  mixfures  of  sfainless 
sfeel,  glass  spheres,  and  silica  sand  fo  simulafe 
micromefeorifes  in  a  size  range  60-400  pm.  We 
weighed  fhe  parficulafes  added  fo  fhe  fank  before 
testing  and  fhe  parficulafes  recovered  from  fhe 
collecfor  filter  after  fesfing  fo  defermine  fhe  over¬ 
all  collecfion  efficiency.  Table  2  summarizes  fhe 
resulfs  of  fhese  fesfs. 

The  ice  surface  formed  on  fhe  cold  plafe  was 
quite  flaf  across  fhe  fank  (wifh  only  3-  fo  5-cm-wide 
sfrips  of  fhirmer  ice  along  fhe  fank  walls)  and  gen¬ 
erally  very  smoofh  (wifh  only  a  few  isolafed  de¬ 
pressions  1-2  mm  deep  and  1-2  cm  wide,  made  as 
we  added  wafer  fo  fill  fhe  fank).  We  fesfed  fhe  col¬ 
lecfor  on  fhis  smoofh  ice  during  fhe  firsf,  and  half 
of  fhe  second  and  fhird,  collecfion-efficiency  fesfs. 
For  half  of  fhe  second  and  fhird  fesfs  and  all  of  fhe 
fourfh  fesf,  we  roughened  fhe  ice  wifh  a  wafer  jef 
fo  creafe  numerous  depressions  2-10  mm  deep  and 
1-2  cm  wide. 

The  collecfor  sucfioned  fesf  particles  very  well 
from  smoofh  ice  surfaces,  collecfing  almosf  all  fhe 
particles  in  a  single  pass.  Particles  remaining  after 
fhe  firsf  pass  were  usually  concenfrafed  in  fhe  lo¬ 
cal  depressions.  Each  additional  pass  would  re- 
frieve  some  particles  from  fhe  depressions,  buf  fhe 
collecfor  would  nof  generally  clean  fhem  entirely 
Neverfheless,  fhe  firsf  fhree  fesfs  all  yielded  col¬ 
lecfion  efficiencies  over  99%  (Table  2)  despite  fhe 
presence  of  inf  enfionally  roughened  ice  during  half 
of  fhe  second  and  fhird  fesfs.  Inferesfingly,  fhe  col¬ 
lecfor  achieved  fhese  high  collecfion  efficiencies 
despite  leaving  clearly  visible  pafches  of  parficles, 
mosfly  concenfrafed  in  fhe  depressions  buf  also  in 


Table  2.  Summary  of  quantitative  collection  efficiency  tests.  All  tests  were  con¬ 
ducted  in  1.5-m  iced  tank. 


Date 

Material 

added 

(g) 

Material 

recovered 

(gl 

Percent 

recovered 

Remarks 

29Jun 

390.1 

387 

99.21 

Smooth  ice,  multiple  passes 

30  Jun 

100.1 

99.54 

99.44 

Smooth  ice  surface  50  g,  rough  ice  50  g 

6Jul 

100.0 

99.46 

99.46 

Smooth  ice  surface  50  g,  rough  ice  50  g 

lOJul 

231.51 

206.38 

89.15 

Rough  ice  surface 
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lower  concentrations  on  the  flat  ice.  For  example, 
the  second  test  left  only  0.6  g  of  fhe  100.1  g  of  par¬ 
ticles  added,  yef  particle  pafches  were  clearly  vis¬ 
ible. 

The  collecfor  had  much  more  difficulfy  collecf- 
ing  particles  from  fhe  exfensively  roughened  ice 
surface  made  for  fhe  fourfh  collecfion  efficiency 
fesf .  If  achieved  a  collecfion  efficiency  of  only  abouf 
89%.  Some  of  fhe  remaining  particles,  however, 
were  frozen  onfo  fhe  bottoms  of  fhe  depressions, 
suggesting  fhaf  fhe  fesf  fechnique  may  have  af- 
fecfed  fhe  recovery.  Neverfheless,  we  did  nof  know 
whaf  fhe  SPWW  boffom  roughness  would  be  like, 
and  we  wanfed  fo  develop  a  mefhod  fo  refrieve 
particles  easily  from  rough  ice. 

We  made  several  minor  modifications  fo  fhe  col¬ 
lecfor  during  fhe  collecfion-efficiency  fesfs  based 
on  fhe  observed  performance.  The  firsf  fesf  re¬ 
vealed  fhaf  fhe  flaf-boffomed  collecfor  could  press 
particles  info  very  flaf  ice  and  be  unable  fo  collecf 
fhem.  We  subsequenfly  fesfed  fhe  collecfor  wifh 
1.5-mm-diam.  Teflon-coafed  wires  wrapped 
around  fhe  fitter  arm  af  fhe  locafions  of  fhe  infer¬ 
nal  ribs.  We  fesfed  fhese  "rurmers"  during  fhe  sec¬ 
ond  and  fhird  fesfs  and  found  fhaf  fhe  collecfor 
did  nof  press  fhe  parficles  info  flaf  ice  and  if 
achieved  good  collecfion  efficiency.  However,  fhe 
collecfor  could  refrieve  parficles  better  from  deep 
depressions  wifhouf  fhese  runners.  We  sfill 
broughf  a  quanfify  of  fhis  wire  fo  fhe  SPWW  for 
use  if  fhe  well-boffom  ice  appeared  fo  be  very 
smoofh  (we  did  nof  use  if). 

We  also  developed  (buf  again  did  nof  use  in  fhe 
SPWW)  a  mefhod  fo  refrieve  parficles  from  rough 
ice.  This  involved  attaching  an  8-cm-wide  ship  of 
fhin  LDPE  (fhe  same  maferial  used  for  fhe  check 
valve)  fo  fhe  underside  of  fhe  collecfor  arm  adja- 
cenf  fo  fhe  slof.  This  exfernal  flap  would  seal  ifself 
fo  fhe  ice  surface  when  fhe  pump  was  on.  Flow 
could  only  b5q)ass  fhe  flap  fhough  deep  depres¬ 
sions,  effecfively  cleaning  fhese  depressions  of 
parficles,  or  by  enfering  fhe  slof  from  fhe  ofher  side 
of  fhe  collecfor,  essentially  doubling  flow  veloci¬ 
ties.  We  fesfed  fhis  arrangemenf  in  a  separafe  col¬ 
lecfion  efficiency  fesf  on  very  rough  ice.  If  picked 
up  parficles  exfremely  well,  even  from  1-cm-deep 
depressions,  and  left  fhe  ice  visibly  clean  after  a 
single  pass.  Unforfunafely,  fhe  shipping  deadline 
prevenfed  us  from  conducting  a  quanfifafive 
collecfion  efficiency  fesf,  buf  fhe  visual  evidence 
from  fhe  fesf  conducfed  suggesfs  fhaf  if  would 
have  been  greafer  fhaf  99%. 

We  roufinely  measured  flow  rafes  fhrough  fhe 
1.2-m  collecfor  during  fhe  collecfion  efficiency 


fesfs.  The  flow  rafe  was  consisfenfly  2.1  L  s“l, 
independenf  of  ice  condifions,  fhe  presence  of  run¬ 
ners,  and  fhe  amounf  of  maferial  collecfed  (up  fo 
a  maximum  of  212  g  preceding  a  flow  measure- 
menf).  Unlike  fhe  30-cm-long  model,  however,  if 
was  difficulf  fo  achieve  a  uniform  slof  widfh  along 
fhe  1.2-m-long  profofype.  For  fhe  firsf  two  collec¬ 
tion  efficiency  fesfs,  fhe  slof  widfh  averaged  abouf 
1  mm,  buf  varied  befween  abouf  0.5  and  1.5  mm. 
This  yielded  an  average  gap  velocify  of  abouf  170 
cm  s“l,  much  higher  fhan  fhaf  needed  for  particle 
pickup.  Because  we  were  concerned  fhaf  fhe  nar¬ 
row  slof  sections  corresponded  fo  areas  of  poor 
particle  pickup,  we  affempfed  fo  machine  fhe  slof 
fo  a  uniform  widfh  of  2  mm.  We  achieved  an  aver¬ 
age  slof  widfh  of  1.64  mm  (Fig.  9),  buf  local  varia¬ 
tions  ranged  from  jusf  under  1  mm  fo  2.8  mm.  This 
yielded  gap  velocities  fhaf  ranged  from  64  fo  190 
cm/s  and  averaged  125  cm  s“l  (assuming  a  uni¬ 
formly  disfribufed  fofal  flow  of  2.1  L  s“l),  well  ex¬ 
ceeding  fhe  fargef  minimum  of  10  cm/s.  This  ve¬ 
locify  disfribufion  did  nof  appear  fo  affecf  overall 
collecfion  efficiency  (fhe  collecfor  recovered  over 
99%  of  fhe  parficles  deployed  on  combined  smoofh 
and  rough  ice  during  fhe  fhird  fesf),  and  we  no 
longer  saw  any  correlafion  befween  narrow  slof 
widfh  and  poor  particle  pickup.  We  made  no  fur- 
fher  changes  fo  fhe  slof  prior  fo  field  deploymenf. 

We  also  conducfed  parficle-collecfion  fesfs  us¬ 
ing  fhe  1 .2-m  collecfor  in  fhe  iced  ramp,  submerged 
in  fhe  refrigerafed  basin.  Alfhough  fhese  fesfs  were 
qualifafive,  visual  evidence  indicafed  good  collec¬ 
fion  efficiency  where  fhe  collecfor  confacfed  fhe 
surface.  However,  fhe  collecfor  left  particle  pafches 
on  fhe  ramp  in  areas  where  if  did  nof  conform  well 
fo  fhe  surface  shape.  We  fherefore  added  weighf 
inside  fhe  waferproof  housing  fo  allow  fhe  collec¬ 
for  fo  conform  fo  more  severe  surface  curvafure. 

The  modificafions  resulfing  from  fhese  fesfs  on 
fhe  1.2-m  collecfor  were  essentially  opfions  fo  im¬ 
prove  collecfion  efficiency  on  very  smoofh,  rough, 
or  curved  ice  and  did  nof  affecf  fhe  basic  design. 
Thus,  we  consfrucfed  fhe  2.4-m  collecfor  essen¬ 
tially  as  designed  (see  Appendix  B  for  a  summary 
of  fhe  collecfor  develop menf  fesfs). 

We  fesfed  fhe  2.4-m  collecfor  only  on  fhe  iced, 
submerged  ramp.  The  collecfor  was  quife  maneu¬ 
verable  and  could  sweep  across  a  region  wifh  a 
45°  upward  slope.  However,  as  wifh  fhe  1.2-m  col¬ 
lecfor,  we  added  exfra  weighf  near  fhe  cenfer  of 
fhe  collecfor  fo  help  if  conform  fo  fhe  ramp  and 
fhereby  improve  ifs  collecfion  efficiency  (docu- 
menfed  visually).  The  spiked  wheels  could  slip  or 
cuf  fhrough  fhe  ice  af  fhe  sfeeper  ascenf  angles,  so 
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Figure  9.  Slot  width  measured  along  the  1.2-m  collector  prior  to 
deployment.  Also  shown  is  the  corresponding  gap  velocity,  assum¬ 
ing  a  uniform  distribution  of  2.1  L  total  flow. 


to  increase  traction  we  manufactured  longer  drive 
shafts  that  could  accept  a  double  set  of  heavy, 
spiked  wheels.  These  same  long  shaffs  and  fhe 
spare  wheels  also  fif  fhe  1.2-m  collector  (option¬ 
ally  fo  increase  ifs  fracfion). 

In  addifion  fo  fhese  fesfs  on  fhe  assembled  col- 
lecfors,  we  cold-soaked  individual  componenfs 
(silicone  hoses,  LDPE  filler  arm,  0-rings,  efc.)  af 
-65°C  in  a  liquid-nifrogen-cooled  chamber 
(Tanfillo  1993)  fo  check  fheir  flexibilify  and  dura- 
bilify.  We  also  suspended  each  collecfor  from  our 
lower  and  sheave  fo  ensure  fhaf  fhey  hung  frue. 

Deployment 

We  sent  two  fully  operational  collecfors  fo  fhe 
Soufh  Pole  wifh  fhe  means  fo  make  modifications 
fo  each  should  fhe  well-boffom  conditions  be  dif- 
ferenf  from  our  expecfafions.  We  also  shipped  a 
winch,  lower,  and  sheave,  two  200-m  elecfrome- 
chanical  cables,  a  video  camera,  monifor,  and  re¬ 
corder,  spare  pumps,  filler  fabric,  and  mofors  and 
various  fools  fhaf  we  needed  for  assembly  and 
repair  of  fhe  collecfor  in  Anfarcfica.  The  operation 
of  all  fhese  componenfs  was  checked  before  ship¬ 
ping.  The  collecfors  and  cables  were  disinfecfed 
using  a  1:60  solufion  of  Clorox®  fo  wafer  and  were 
wrapped  in  plastic  fo  slay  clean  during  fransif. 

Af  fhe  Pole,  persormel  from  Anfarcfic  Supporf 
Associafes  (ASA)  assisted  us  in  many  ways.  Their 
main  fask  was  fo  build  fhe  surface  facilities  fhaf 
would  provide  us  access  fo  fhe  SPWW  and  create 
an  adjoining  work  space.  They  firsf  dug  a  pif 
(abouf  3mx3mx3m)in  fhe  snow  adjacenf  fo 
fhe  existing  wellhouse  and  down  fo  fhe  EPDM 
liner.  We  fhen  cuf  a  30-cm  square  opening  in  fhe 


liner,  and  ASAconsfrucfed  and  insf ailed  an  EPDM- 
lined  wooden  chimney  over  fhe  opening.  We 
sealed  fhe  chimney  fo  fhe  opening.  This  process 
ensured  confinuify  of  fhe  EPDM  liner  around  our 
access  hole  and  work  area.  ASA  fhen  carefully 
backfilled  fhe  pif  wifh  snow  and  consfrucfed  our 
work  space.  This  work  space  consisted  of  a  winch 
room  direcfly  over  fhe  chimney  and  an  adjoining 
laboratory  (Fig.  10). 

We  used  a  hof- wafer  drill  (Fig.  11)  fo  make  fhe 
second  access  hole  fo  fhe  SPWW;  ASA  also  assisted 
wifh  fhe  drilling.  Wafer  from  fhe  well  was  heafed 
in  boilers  locafed  in  fhe  wellhouse  and  fed  info 
fhe  30-cm-diam.  cylindrical  drill  via  a  neoprene 
rubber  hose.  This  hof  wafer  discharged  fhrough  a 
90°-cone  nozzle  fo  melf  fhe  ice  as  fhe  drill  de¬ 
scended.  A  wafer  pump  posifioned  inside  fhe  drill 
pumped  wafer  from  down-hole  fo  fhe  surface  via 
a  refum  hose.  The  drill  was  lowered  using  a  winch 
and  sfainless  sfeel  cable.  The  hoses  were  attached 
fo  fhe  cable  wifh  sfainless  clamps  and  clofh  ties. 
The  cable  was  guided  info  fhe  hole  using  a  sheave 
suspended  from  a  spring  scale.  The  scale  allowed 
us  fo  determine  whefher  fhe  drill  was  suspended 
in  air,  was  on  ice,  or  was  in  wafer;  fhis  sef  fhe  drill¬ 
ing  rate.  Drilling  look  abouf  36  hours,  longer  fhan 
expecfed,  buf  yielded  a  vertical,  wavy -walled  ac¬ 
cess  hole  wifh  a  minimum  clearance  of  30  cm  in 
diameter. 

Prior  fo  collecfor  deploymenf,  we  lowered  fhe 
video  camera  fo  examine  fhe  hole  and  inspecf 
fhe  well-boffom  fopography.  We  noficed  fhaf  an 
ice  cover  had  formed  on  fhe  well  pool  and  fhaf 
fhe  access  hole  fhrough  if  had  refrozen  (we  would 
need  fo  break  fhrough  fhis  ice  cover  before  each 
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Figure  10.  Work  space  at  the  SPWW,  consisting  of  a  winch  room  directly  over  the  access  hole  and  an 
adjoining  laboratory. 


collector  deployment).  More  importantly,  the  cam¬ 
era  revealed  that  the  well  bottom  contained  iso¬ 
lated  dark  pockets  of  particulates  and  that 
these  pockets  coincided  with  sculptured  features 
in  the  ice  that  were  arcuate  and  half  a  mefer 
deep.  We  decided  fo  deploy  fhe  1.2-m 
collecfor  because  if  could  more  easily  negofiafe 
fhe  sculpfed  fopography  fhan  could  fhe  2.4-m 
collecfor. 

We  successfully  deployed  and  refrieved  fhe  1.2- 
m  collecfor  six  times  and  obfained  five  separafe 
collections  (one  filler  deployed  fwice)  fofaling 
abouf  200  g  of  maferial.  Appendix  C  lisfs  fhe  de- 
ploymenfs  and  shows  fhe  collecfor  configuration 
for  each.  The  collecfor  provided  a  scale  upon 
which  fo  judge  fhe  well-boffom  fopography.  If  was 
much  more  complicafed  fhan  we  expecfed  based 
on  published  shapes  of  earlier  Rodriguez  wells 
(Schmiff  and  Rodriguez  1963,  Russell  1965,  Will¬ 
iams  1974,  Lunardini  and  Rand  1995).  If  consisfed 
of  a  genfly  curved  cenfral  plafeau  (abouf  18  m^) 
sculpfured  af  ifs  periphery  info  fairly  sleep  arcu- 
afe  dips  fhaf  were  0.3-0. 6  m  below  fhe  plafeau  and 
1-3  m  wide;  fhese  dips  led  fo  smaller  plafeaus  (1- 
3  m2)  (Fig.  12).  Farfher  away  from  fhe  cenfer,  fhe 
bottom  rose  sfeeply  and  fhe  sculpfured  feafures 
appeared  fo  be  more  severe  (eifher  deeper  or  af 


Figure  11.  Hot-water  drill  used  to  drill  second  access 
hole  to  the  SPWW. 
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shorter  length  scales).  Associated  with  most  sculp¬ 
tured  features  were  dark  pockets  of  parficulafes. 
Parficles  on  fhe  plafeau  areas  were  visible  buf  nof 
concenfrafed  info  pockefs.  Local  surface  roughness 
was  quife  smoofh  (perhaps  1-mm  depressions  over 
1-5  mm  scales).  For  fhis  reason,  we  did  nof  use 
fhe  Teflon-wire  runners  or  exfernal  LDPE  flap 
(developed  for  very  smoofh  or  rough  ice,  respec¬ 
tively). 

The  collector  maneuvered  easily  over  fhe  cen- 
fral  plafeau,  and  we  devofed  one  collecfion  (no.  3) 
exclusively  fo  fhe  plafeau.  Movemenf  onfo  fhe  ad¬ 
joining  dips  and  plateaus  was  possible  wifh  some 
practice,  and  we  collected  from  five  of  fhese  (abouf 
10  m2  fofal),  including  fhree  particle  pockefs.  We 
collected  as  much  as  50  g  of  maferial  af  once 
wifhouf  appreciably  reducing  pumping  efficiency 
Plafeau  areas  sucfioned  were  visibly  clean,  and 
genfly  curved  dark  areas  changed  from  black  fo 
white  wifh  a  single  pass.  This  indicafed  high-effi¬ 
ciency  parficle  pickup,  based  on  our  laboratory  ex¬ 
perience. 

Good  confacf  between  the  collector  bottom  and 
the  ice  surface  was  fhe  mosf  serious  limif  fo  col¬ 
lecfion  efficiency  in  severely  curved  areas,  and  we 
maneuvered  fhe  collecfor  slowly  across  fhe  asso- 
ciafed  pockefs  fo  mainfain  good  surface  confacf. 
This  technique  worked  well  buf  was  very  fime- 
consuming.  During  some  deploymenfs,  fhe  field 


Figure  12.  Map  of  the  bottom  of  the  SPWW  showing 
the  plateau  area  and  pocket  no.  1. 


of  view  of  fhe  video  camera  limifed  our  abilify  fo 
maneuver  fhe  collecfor.  We  fried  several  fech- 
niques,  unsuccessfully,  fo  orienf  fhe  camera  fo  fol¬ 
low  fhe  collector. 

The  spiked  wheels,  often  doubted  on  each  end, 
provided  exfremely  good  fraction  on  fhe  ice.  The 
allowable  mofor  forque,  rafher  fhan  fraction, 
generally  limifed  collecfor  maneuverabilify  on 
steep  sections,  alfhough  collector  sfabilify  was  also 
a  facfor.  We  normally  worked  around  fhese  limi- 
fafions  quife  successfully,  and  could  have  subsfan- 
fially  increased  fhe  area  sucfioned  wifhin  fhe  per¬ 
formance  capabilifies  of  fhe  1.2-m  collecfor.  Un- 
forfunafely,  after  abouf  fwo  hours  of  maneuver¬ 
ing  during  a  deploymenf,  fhe  drive  motors  failed. 
Posf-deploymenf  inspection  revealed  fhaf  shear¬ 
ing  of  gear  feefh  in  each  mofor 's  gearbox  caused 
fhe  failures.  This  repeatedly  occurred,  despife 
readoufs  from  fhe  drive-motor  power  supplies  fhaf 
indicafed  operation  af  abouf  half  of  fhe  confinu- 
ous-dufy  forque  rafing  provided  by  fhe  mofor 
manufacfurer.  After  all  four  motors  had  failed  once 
(by  deploymenf  no.  4),  we  continued  fo  run  fhe 
collecfor  by  inferchanging  gears  befween  gear¬ 
boxes;  fhis  provided  us  wifh  abouf  fwo  hours  of 
operation  before  mofor  failure  for  deploymenfs  5 
and  6. 

We  had  plarmed  fo  dedicafe  deploymenf  no.  4 
fo  repeaf  sucfioning  of  fhe  cenfral  plafeau.  This 
would  have  allowed  us  fo  calculate  in-sifu  collec¬ 
tion  efficiency  Unforfunafely,  one  drive  mofor 
failed  af  fhe  sfarf  of  fhaf  deploymenf,  and  we  only 
covered  abouf  one  fhird  of  fhe  cenfral  plafeau. 
Upon  refrieval  of  fhe  collector,  we  foimd  very  little 
maferial  in  fhe  filter  bag  and  decided  fo  reuse  if 
for  fhe  nexf  deploymenf  fo  save  fime.  Alfhough 
nof  quanfifafive,  fhe  resulfs  of  deploymenf  no.  4 
and  fhe  visually  apparenf  cleaning  of  parficles 
from  fhe  ice  suggesfs  a  high  in-sifu  collection  effi¬ 
ciency 

SAMPLES 

After  each  deploymenf  excepf  no.  4,  we  broughf 
fhe  collecfor  fo  fhe  laborafory  space  and  removed 
fhe  polyesfer  fitter  from  fhe  fitter  arm.  The  while 
flexible  fabric  allowed  us  fo  see  particles  and  eas¬ 
ily  remove  fhem  by  backflushing  fhe  fitter.  We 
backflushed  each  of  fhe  fwo  samples  we  processed 
info  a  large  HDPE  furmel,  using  well  wafer  fhaf 
we  pressurized  in  an  HDPE  hand  sprayer.  Each 
sample,  one  from  a  pockef,  fhe  ofher  from  fhe  pla¬ 
feau,  was  fhen  wef-sieved  info  sfainless  steel  sieves 
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Figure  13.  An  assortment  of  spherules  from  the  SPWW.  The  large  sphere  in  the  upper  left 
corner  is  a  copper  contaminant  (x40). 


yielding  50-106-)J.m,  106-250-gm,  250-425-)J.m, 
and  >425-gm  size  fractions.  Using  a  binocular 
microscope,  spheres  were  separated  from  these 
two  samples  by  hand  picking  (Fig.  13).  These  two 
samples  were  processed  in  the  field  to  assess  the 
collector's  performance  and  to  determine  the  type 
and  amount  of  materials  recovered.  The  remain¬ 
ing  three  samples  were  placed  in  bags,  sealed,  and 
shipped  to  CRREL  for  later  analysis. 

Other  than  well  water,  no  solvents  were  used 
in  the  separation  process.  We  collected  aliquots  of 
everything  the  particles  may  have  come  in  con¬ 
tact  with  (drilling  water,  water,  and  residue  left 
after  backf lushing  and  sieving  a  collection).  We 
also  exposed  a  section  of  clean  filter  to  the 
wellhouse  environment,  as  suggested  by  Michael 
Zolensky.  These  samples  can  be  analyzed  if  any 
unexpected  contaminants  are  found  in  the  par¬ 
ticles. 

About  200  g  of  material  were  recovered  from 
the  well  bottom.  Most  of  the  material  was  terres¬ 
trial  (Fig.  14),  predominantly  rust  grains  injected 
into  the  well  and  originating  either  from  the  heat 
exchanger  or  from  the  non-stainless  steel  compo¬ 
nents  within  the  pump.  There  were  also  wood 
fragments,  paint  chips,  wire,  and  aluminum  flakes. 

Our  initial  examination  of  the  collected  sedi¬ 


ment  focused  predominantly  on  spherical  par¬ 
ticles.  Although  not  all  spherical  particles  are  extra¬ 
terrestrial  (there  were  copper  spheres  formed 
when  pipes  were  soldered  and  dark,  nonmagnetic 
"glue  balls"  thought  to  have  formed  during  the 
fire),  spheres  can  be  rapidly  separated  with  an  or¬ 
dinary  binocular  microscope.  Those  that  are  "cos¬ 
mic"  can  then  be  separated  by  their  several  unique 
properties.  Previous  studies  have  shown  that  cos¬ 
mic  spherules  have  distinctive  mineralogy,  bulk 
chemistry,  internal  and  surface  textures,  and  are 
usually  moderately  magnetic  (Brownlee  1981). 
Here  we  used  their  abundance  as  a  measure  of  the 
amount  of  extraterrestrial  material  in  our  samples. 

All  6.01  g  of  the  250-425-)J.m  size  fraction  of 
pocket  collection  no.  1  and  all  3.5  g  of  the  250- 
425-)J.m  size  fraction  of  the  plateau  collection  were 
examined.  Table  3  lists  the  number  of  cosmic 
spherules  found  in  these  two  fractions.  Assuming 
an  average  particle  weight  of  3.5  x  10“5  g/ particle 
(300  pm  diam.,  2.5  g  cm“3)  gives  a  weight  of  7.9  x 
10“3  g  for  the  pocket  collection  and  4.4  x  10“3  g  for 
the  plateau  collection,  or  about  one  part  per  thou¬ 
sand  melted  meteoritic  material.  In  addition  to  the 
250-425-pm  size  fractions,  0.56  g  of  the  23.8  g  of 
the  106-250  pm  and  0.15  g  of  the  12.67  g  of  the  53- 
106  pm  were  also  examined  for  the  pocket  collec- 


16 


Figure  14.  'Sediment'  retrieved  from  the  well  (xlO). 


Table  3.  Size  range  and  weight  of  the  pocket  and  plateau  samples. 


Size  range 
(um) 

Pocket 

Plateau 

Weight 

(gl 

No.  of  cosmic 
spherules 

Flux 

(g  m^yr-'^) 

Weight 

(g) 

No.  of  cosmic  Flux 

spherules  (g  m2  j/r-i) 

>425 

6.4 

5.4 

250-425 

6.0 

224 

7x  10-« 

3.5 

126  6  X  10-2 

106-250 

23.8 

5.1 

53-106 

12.7 

2.9 

Total 

48.9 

16.9 

Area  covered 

5  m2 

17  m2 
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tion.  If  the  subsamples  are  representative  of  the 
entire  size  fraction,  then  there  are  2  x  10“3  g  g-l  of 
material  in  the  106-250-)J.m  size  fraction. 

The  t5^es  of  cosmic  spherules  found  in  the 
SPWW  were  assessed  by  mounting  particles  from 
the  250-425-pm  and  106-250-)rm  size  fraction 
in  epoxy,  sectioning  them,  and  examining  them 
using  the  Cameca  SX-50  electron  microprobe  at 
the  University  of  Termessee,  Knoxville.  We  found 
the  full  range  of  cosmic  spherule  morphologies 
(Table  4). 

Photomicrographs  of  SPWW  particles  are  pre¬ 
sented  in  Figure  15a-h.  Glass  spherules  are  com¬ 
posed  of  mafic  glass  and  represent  particles  that 
have  been  fully  melted,  devolatilized,  and  rapidly 
quenched  during  atmospheric  entry  (Fig.  15a). 
Cryptocrystalline  spherules  are  predominantly 
glassy  particles  with  crystallites  too  small  to  be 
individually  recognized,  surrounded  by  an  iron- 
rich  glass  (Fig.  15b).  Barred  olivine  spherules  are 
particles  that  have  also  been  fully  melted  but  that 
were  less  rapidly  quenched,  allowing  olivine  and 
magnetite  crystallites  to  form  (Fig.  15c).  Relic-grain¬ 
bearing  spherules  are  particles  that  did  not  fully 
melt  before  quenching  and  retain  "meteoritic" 
minerals,  surrounded  by  an  iron-rich  glassy  rim 
(Fig.  15d).  Volatile-rich  spherules  are  vessiculated 
particles  showing  regular  to  irregular  cavities  and 
lots  of  relic  olivine,  metal,  or  sulfide  grains;  they 
represent  particles  quenched  quickly  after  initial 
heating,  before  full  devolatilization  could  occur 
(Fig.  15e).  The  G-type  are  high-iron  spherules  and 
contain  magnetite  dendrites  in  a  glass  matrix  (Fig. 
15 f).  Iron  spherules  (I-t5q)e)  are  wholly  metallic  (Fig. 
15g)  and  show  meteoritic  siderophile  concentra¬ 
tions.  Unmelted  IDP-like  particles  have  compact, 
irregular  texture,  with  iron-rich  rims  around  dis¬ 
persed  voids  and  relic  olivine  grains  (Fig.  15h). 

When  compared  to  the  other  large  collections 


Table  4.  Types  of  extraterrestrial  particles  in  the 
pocket  sample,  106-425  |Xm. 


Glass 

14 

Cryptocrystalline 

11 

Barred  olivine 

51 

Relic  grain-bearing 

7 

Volatile-rich 

3 

High  iron  (G-type) 

1 

Iron 

1 

IDP-like 

1 

Total 

88 

of  cosmic  spherules — the  Deep  Sea  spheres 
(Brownlee  1979)  and  the  Greenland  spherules 
(Maurette  et  al.  1987) — the  SPWW  materials  are 
most  similar  to  particles  collected  in  Greenland 
(Table  5).  The  main  difference  is  the  higher  pro¬ 
portion  of  glassy  spheres  and  the  lower  percent¬ 
age  of  immelted  materials  in  the  SPWW  collection. 
However,  the  fraction  of  unmelted  micrometeor¬ 
ites  in  the  SPWW  will  increase  as  we  systemati¬ 
cally  look  for  them.  The  major  differences  between 
the  SPWW  spherules  and  those  found  in  deep-sea 
sediments  are  the  increase  in  glass  spherules  foimd 
and  the  paucity  of  iron  and  G-type  spherules.  This 
is  true  both  for  magnetically  and  nonmagnetically 
collected  deep-sea  spheres  (Taylor  and  Brownlee 
1991). 

Twenty  spherules  from  the  pocket  sample  were 
analyzed  using  a  Zeiss  DSM962  at  Dartmouth 
Gollege.  When  plotted  on  a  MgO,  SiOi,  and  FeO 
ternary  diagram  (Fig.  16)  or  on  a  Ga/Si  vs.  Al/Si 
plot  (Fig.  17),  the  SPWW  spherules  lie  within  the 
field  found  for  other  collections. 

Although  detailed  examinations  of  non- 
spherical  particles  have  not  yet  taken  place,  the 
presence  of  one  relatively  large,  unmelted  particle 
in  one  of  our  mounts  suggests  a  significant 
immelted  ET  component.  Unmelted  particles  have 
been  found  by  previous  studies  of  particles  re¬ 
trieved  from  melted  Antarctic  snow  and  ice.  Fur¬ 
ther  studies  will  incorporate  a  detailed  examina¬ 
tion  of  the  nonspherical  particles  in  the  sediment. 

Weathering 

The  barred  olivine  spherules  show  various  de¬ 
grees  of  weathering  with  preferential  removal  of 
Fe-rich  glass  interstitial  to  Mg-rich  olivine  bars. 
Some  stony  spherules  retain  a  glassy  rim  (Fig.  18), 
while  others  show  10-20-)J.m  grooves  at  their  mar¬ 
gins  and  occasionally  significant  removal  of  glass 
in  their  interiors.  The  one  G-type  spherule  has  a 
highly  weathered  core  (Fig.  15f),  and  the  iron 
spherule  has  lost  the  interstitial  nickel-rich  phase 
near  its  periphery  (Fig.  15g).  The  weathering  is 
probably  caused  by  the  acidic  water  in  which  the 
particles  were  immersed  for  up  to  4  years.  How 
weathering  has  affected  unmelted  particles  in  not 
yet  known. 

Flux  rates 

A  terrestrial  flux  rate  for  meteoritic  material  50- 
300  pm  was  obtained  from  Greenland  ice 
(Maurette  et  al.  1987).  To  make  this  flux  calcula¬ 
tion,  Maurette  and  his  colleagues  estimated  the 
concentration  of  sediment  in  mature  cryoconite 
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Figure  15.  Backscattered  electron 
photomicrographs  of  selected 
SPWW  micrometeorites  that  in¬ 
clude:  a)  a  glassy  spherule  show¬ 
ing  a  bright  network  of  convec¬ 
tion  borders;  b)  a  cryptocrystal¬ 
line  to  fine-grained  spherule;  c) 
a  barred  olivine  spherule;  d)  a 
spherule  containing  several  relic 
grains  and  small  distributed 
FeNi  patches;  e)  a  volatile-rich 
spherule  showing  large  irregu¬ 
lar  internal  cavities;  f)  a  G-type 
spherule  containing  magnetite 
dendrites  in  iron-rich  glass;  g)  a 
metallic  FeNi  particle  showing 
small  ameoboidal  domains  and 
meteoritic  composition;  h)  an 
IDP-like  particle  showing  a  Mg- 
rich  phyllosilicate  matrix,  dis¬ 
tributed  relic  FeNi  metal  and 
sulfide  grains,  and  Fe  staining 
at  the  rim  and  surrounding  in¬ 
terior  voids. 


Table  5.  Comparison  of  SPWW  spherule  types  with  those  found  in  Greenland  and  in  the  Deep  Sea 
collection. 


No.  of 
spheres 
examined 

Unmelted 

Relic 

grains 

Glass 

Crypto¬ 

crystalline 

Barred 

olivine 

G-type 

Iron 

(%) 

SPWW 

88 

5 

8 

16 

12 

57 

1 

1 

Greenland 

92 

18 

10 

5 

9 

55 

1 

1 

Deep  Sea  spheres 
(magnetically 
collected) 

778 

5 

9 

1 

2 

52 

5 

26 

Deep  Sea  spheres 
(nonmagnetically 
collected) 

146 

6 

10 

1 

5 

44 

7 

27 

Figure  16.  Ternary  diagram  illustrat¬ 
ing  where  the  analyzed  SPWW 
spherules  plot  in  relation  to  the  Deep 
Sea  and  Greenland  spherules. 


Si02 


Figure  17.  Weight  percent  Al/Si  and  Ca/ 
Al  plot  of  the  SPWW  spherules  as  com¬ 
pared  to  DSS  and  chondritic  value. 
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Figure  18.  Photomicrograph  showing  a  glass  rind  around  a  stony  spherule. 


deposits  on  the  ice  surface,  estimated  the  age  of 
fhe  ice  melfed  fo  form  fhe  deposifs  using  an  ice 
flow  model,  and  assumed  fhaf  all  particles  depos- 
ifed  had  been  collecfed.  We  have  calculafed  a  fer- 
resfrial  flux  rafe  for  melfed  micromefeorifes  larger 
fhan  250  pm  for  fhe  pockef  (7  x  10“^  g  m“2  yr“l) 
and  fhe  plafeau  (6  x  10“^  g  m“2  yr“l)  collections; 
fhe  latter  is  fhe  same  value  found  by  Maureffe  ef 
al.  (1987)  for  fheir  250-300-pm  size  fraction.  We 
know  fhe  volume  of  fim  and  ice  melfed  fo  10% 
and  fhe  age  of  fhe  ice  fo  50  years  (fhe  uncerfainfy 
is  due  fo  fhe  topography  af  fhe  boffom  of  fhe  well), 
and  fhe  area  cleaned  was  defermined  from  fhe 
video.  Since  we  collecfed  from  7%  of  fhe  well  bof¬ 
fom,  fhe  accuracy  of  our  flux  measuremenf  will 
depend  on  fhe  movemenf  of  parficles  along  fhe 
boffom. 

From  fhe  video  foofage  we  estimate  fhaf  we  col¬ 
lecfed  from  an  area  of  30  m^,  or  abouf  7%  of  fhe 
well  boffom.  The  pockefs  preferenfially  confain 
iron-oxide  grains  derived  from  fhe  wafer-supply 
system;  fhe  circulating  flow  can  easily  concenfrafe 
fhis  injecfed  maferial.  The  order-of-magnifude- 
larger  flux  estimate  for  fhe  pockef  as  compared 
wifh  fhe  plafeau,  however,  suggesfs  fhaf  fhe  well 
circulation  is  also  concenfrafing  micromefeorifes 
info  fhe  pockefs.  This  is  despife  fhe  relafively  small 
flow  rafe  (abouf  1  L  s“i)  discharged  abouf  13  m 


above  fhe  boffom  and  no  frace  of  particle  frans- 
porf  even  wifh  fhe  collecfor  nearby  fo  acf  as  a  lo¬ 
cal  disfurbance.  Perhaps  fhe  compressed  air  en- 
frapped  in  fhe  ice  releases  bubbles  info  fhe  wafer 
as  fhe  well  melfs  downward,  and  fhis  agifafion 
helps  fo  enfrain  fhe  micromefeorifes. 

If  is  nof  clear  whefher  or  nof  fhe  parficles  are 
being  removed  from  fhe  plafeau  info  fhe  pockefs; 
fhe  micromefeorifes  in  fhe  pockefs  may  come  from 
fhe  well  sides.  If  micromefeorifes  are  nof  being 
moved  from  fhe  plafeau  area,  repeaf  collecfions 
of  fhe  plafeau  could  provide  informafion  on  flux 
rafes  and  on  any  femporal  changes  in  fhe  fype  and 
number  of  micromefeorifes.  Defailed  analysis  of 
fhe  separafe  collecfions  from  fhe  cenfral  plafeau 
and  fhe  isolated  pockefs  will  reveal  fhe  degree  of 
micromefeorife  concenfrafion  possible  by  fhe  cir- 
culafing  flow. 

CONCLUSION 

We  have  successfully  recovered  exfraferresfrial 
maferials  from  a  polar  well.  This  is  fhoughf  fo  be 
one  of  fhe  largesf  and  besf  preserved  collection  of 
micromefeorifes,  and  if  is  fhe  besf  dated.  This  col- 
lecfion  will  allow  us  fo  calculafe  flux  measure- 
menfs  of  cosmic  dusf  larger  fhan  50  pm  and  will 
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give  us  an  understanding  of  the  breadth  of 
materials  present  in  the  solar  system  in  this  size 
range. 

Our  collector  worked  well  despite  the  severe 
well  topography.  We  learned  that  a  2.5-m  collec¬ 
tor  is  too  long  and  is  not  needed  for  the  condi¬ 
tions  we  encountered;  that  available  motor  torque 
(rather  than  traction)  limited  the  collector's  mo¬ 
bility  over  the  well  bottom;  and  that  visual  feed¬ 
back  is  essential  to  negotiate  the  well's  complex 
topography  (our  camera  lacked  the  ability  to  track 
the  collector  more  than  5  m  away  from  the  cen¬ 
ter).  We  hope  to  install  more  powerful  motors  and 
a  pan/ tilt  camera  to  overcome  these  problems  and 
thus  to  increase  the  collection  area  and  opera¬ 
tional  efficiency.  However,  the  more  severe  topog¬ 
raphy  away  from  the  center  of  the  well  dictates 
the  need  for  a  second,  smaller,  and  more  agile 
collector. 

The  complex  bottom  topography  in  the  SPWW 
precluded  our  suctioning  the  entire  bottom.  We 
suctioned  a  gently  curved,  central  plateau  (about 
18  m2)  and  three  surrounding  pockets  (about  12 
m2  total)  and  should  be  able  to  return  to  these  ar¬ 
eas  armually  to  determine  flux  rates.  From  the  five 
collections,  we  retrieved  approximately  200  g  of 
material.  Microscopic  examination  of  the  250  to 
425-pm  size  fraction  from  two  of  the  five  collec¬ 
tions  suggests  that  one  of  every  1000  particles  in 
this  size  fraction  is  a  melted  micrometeorite.  Not 
coimted  are  the  immelted  micrometeorites  present. 
We  think  the  flux  value  for  the  plateau  of  6  x  10“2 
g  m“2  yr-l  is  a  minimum.  The  circlation  velocities 
seem  too  low  to  add  particles  to  the  plateau,  and 
we  did  not  include  unmelted  particles  in  this  esti¬ 
mate.  With  unmelted  micrometeorites  included, 
the  flux  rate  we  calculate  for  the  SPWW  will  be 
higher  than  that  found  by  Maurette  et  al.  (1987)  in 
Greenland. 

The  particles  retrieved  will  be  analyzed  and 
compared  with  other  cosmic  dust  collections  to  de¬ 
termine  differences  in  composition  and  weather¬ 
ing  patterns.  Because  of  the  large  number  of  par¬ 
ticles  recovered,  it  is  likely  that  very  large  IDP- 
like  micrometeorites,  extremely  rare  in  other  col¬ 
lections,  will  be  found.  In  addition,  identification 
of  the  terrestrial  components  (pollen,  diatoms,  ash, 
etc.)  from  these  samples  would  allow  a  statistically 
significant  study  of  circum- Antarctic  wind  circu¬ 
lation  during  these  time  periods. 
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APPENDIX  A:  SPWW  DIMENSIONS 


Table  A1  contains  measured  well  dimensions  from  the  SPWW  log  book  and  mea¬ 
sured  water  consumption  from  weekly  South  Pole  situation  reports  (sitreps).  Bot¬ 
tom  depth  (D)  is  the  distance  from  the  wellhouse  floor  to  the  bottom  of  the  well; 
water  level  (L)  is  the  distance  from  the  wellhouse  floor  to  the  top  of  the  water  pool; 
pool  depth  (H)  is  the  difference  between  bottom  depth  and  water  level  (H  =  D  -  L); 
dQ  /  dt  is  the  water  volume  consumed  from  the  well  during  the  one-week  reporting 
interval;  and  Q  is  the  cumulative  volume  of  water  consumed  during  the  life  of  the 
well.  Figure  A1  plots  these  data  as  functions  of  time.  Interestingly,  the  dimensions 
vary  nearly  linearly  with  time  shortly  after  initial  startup  and  after  the  restart  ne¬ 
cessitated  by  the  1994  fire.  Note  that  freezing  of  the  pool  caused  a  4-m-thick  ice 
cover  to  form  between  82.6-86.6  m  depth. 

Several  "draw-down"  tests  were  conducted  during  the  history  of  the  well  to 
determine  its  radius  (R):  a  known  volume  of  water  was  withdrawn  from  the  well 
and  the  drop  in  water  level  was  measured.  However,  after  consumption  began, 
withdrawals  of  about  5  m3  would  only  yield  water-level  drops  of  about  1  ±0.5  cm, 
producing  large  uncertainty  in  the  estimated  pool  radii.  Indeed,  the  14  draw-down 
tests  conducted  in  March/ April  1995  yielded  an  average  radius  of  13.1  m  with  a 
standard  deviation  of  2.4  m.  However,  because  dQ/dt  was  recorded  from  the  onset 
of  consumption,  we  may  use  these  data  in  a  water-balance  formula  to  compute 
pool  radius. 

Figure  A2  shows  a  schematic  of  the  well  pool  and  the  resulting  changes  in  di¬ 
mensions  as  the  pool  deepens.  The  pool  volume,  initially  Vp,  increases  to  Vp  +  dVp. 
This  melts  additional  ice  volume, 

dVi  =  dVp  +  %R^dL  ,  (Al) 

so  the  incremental  water  created  is 

dV^  =  YpdVi  =  Yp(dVp  +  nR^dlj  ,  (A2) 

where  Yp  is  the  average  ice  specific  gravity  along  the  pool  walls.  The  increase  in 
pool  volume  then  equals  this  increase  in  water  created  less  any  water  volume  con¬ 
sumed.  That  is, 

dVp  =  Yp(dVp  +  TiR^dL^  -  dQ  .  (A3) 

Rearranging  eq  A3  yields  an  expression  for  water  consumption  in  terms  of  changes 
in  pool  volume: 

dQ  =  Jp%R^dL  -  (l  -  YpjdVp  .  (A4) 

To  use  eq  A4,  we  must  assume  an  average  shape  for  the  pool.  Lunardini  and  Rand 
(1995)  assumed  that  the  well  would  develop  a  paraboloid-shaped  pool.  However, 
shape  data  for  previous  Rodriguez  wells  (Rodriguez  1963,  Russell  1965,  Williams 
1974,  Lunardini  and  Rand  1995)  and  observed  geometry  from  our  1995  deploy¬ 
ments  in  the  SPWW  suggest  that  an  ellipsoidal  pool  shape  would  also  be  a  good 
approximation.  For  either  case, 

2  ^ 

Vp  =  aR  H  where  ^  ~  ^  ^  paraboloid 

2n 

oc  =  —  for  an  ellipsoid  (A5) 
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Table  Al.  SPWW  dimensions  and  water  consumption  from  startup  to  the  end  of  1995  collector 
deployments. 


Date 

Comments 

Bottom 

depth 

(m) 

Water 

level 

(m) 

Pool 

depth 

(m) 

dQ/dt 

(m^/week) 

Q 

(m^) 

Estimated 

radius 

(m) 

1 

12/8/92 

startup 

54.3 

2 

12/9/92 

64.3 

59.5 

4.9 

3.4 

3 

12/10/92 

meas.  D=2.7  m 

67.1 

61.2 

5.9 

4.1 

4 

12/11/92 

meas.  D=3.1  m 

68.9 

62.3 

6.6 

4.6 

5 

12/12/92 

meas.  D=3.2  m 

69.7 

62.9 

6.8 

4.8 

6 

12/19/92 

74.1 

65.7 

8.4 

5.9 

7 

12/26/92 

77.0 

67.6 

9.4 

6.6 

8 

1/29/93 

83.8 

73.4 

10.3 

7.2 

9 

2/1/93 

84.1 

73.8 

10.3 

7.2 

10 

2/13/93 

74.8 

11 

3/14/93 

87.5 

76.5 

11.0 

7.7 

12 

4/10/93 

89.3 

78.3 

11.0 

7.7 

13 

4/24/93 

89.9 

79.0 

11.0 

7.7 

14 

5/1/93 

90.2 

79.0 

11.3 

7.9 

15 

5/8/93 

90.5 

79.0 

11.6 

8.1 

16 

5/15/93 

90.9 

79.3 

11.6 

8.1 

17 

5/22/93 

91.2 

79.6 

11.6 

8.1 

18 

5/29/93 

91.5 

79.6 

11.9 

8.3 

19 

6/5/93 

91.8 

80.2 

11.6 

8.1 

20 

6/12/93 

92.4 

80.5 

11.9 

8.3 

21 

6/19/93 

92.5 

80.5 

12.0 

8.4 

22 

6/26/93 

93.0 

80.8 

12.2 

8.5 

23 

7/3/93 

93.3 

80.8 

12.5 

8.8 

24 

7/10/93 

93.9 

81.3 

12.7 

8.9 

25 

7/17/93 

94.2 

81.4 

12.8 

9.0 

26 

7/24/93 

94.4 

81.6 

12.8 

9.0 

27 

7/31/93 

94.8 

82.0 

12.8 

9.0 

28 

8/7/93 

95.1 

82.0 

13.1 

9.2 

29 

8/14/93 

95.4 

82.2 

13.3 

9.3 

30 

8/21/93 

95.6 

82.2 

13.4 

9.4 

31 

8/28/93 

96.2 

82.3 

13.9 

9.7 

32 

9/4/93 

96.6 

82.6 

14.0 

9.8 

33 

9/4/93 

96.6 

82.6 

14.0 

9.8 

34 

9/11/93 

96.6 

82.3 

14.3 

10.0 

35 

9/18/93 

97.0 

82.3 

14.6 

10.2 

36 

9/25/93 

97.3 

82.6 

14.6 

10.2 

37 

10/3/93 

97.4 

82.9 

14.5 

10.1 

38 

10/9/93 

97.6 

83.1 

14.5 

10.1 

39 

10/16/93 

97.6 

83.1 

14.5 

10.1 

40 

10/23/93 

98.2 

83.2 

14.9 

10.5 

41 

11/3/93 

98.3 

83.4 

14.9 

10.5 

42 

11/6/93 

98.6 

83.7 

14.9 

10.5 

43 

11/13/93 

98.8 

83.8 

14.9 

10.5 

44 

11/20/93 

98.9 

84.0 

14.9 

10.5 

45 

11/27/93 

99.1 

84.1 

14.9 

10.5 

46 

12/4/93 

99.2 

84.1 

15.1 

10.6 

47 

12/11/93 

99.4 

84.1 

15.2 

10.7 

48 

12/18/93 

99.5 

84.3 

15.2 

10.7 

49 

12/25/93 

99.5 

84.3 

15.2 

10.7 

50 

1/1/94 

99.8 

84.5 

15.4 

10.8 

51 

1/8/94 

100.0 

84.6 

15.4 

10.8 

52 

1/15/94 

100.2 

84.8 

15.4 

10.8 

53 

1/22/94 

100.3 

84.9 

15.4 

10.8 

54 

1/29/94 

100.5 

84.9 

15.5 

10.9 

55 

2/4/94 

100.6 

85.1 

15.5 

10.9 

56 

2/12/94 

100.8 

85.2 

15.5 

10.9 

57 

2/19/94 

100.9 

85.2 

15.7 

11.0 

58 

2/26/94 

101.2 

85.4 

15.9 

11.1 

59 

3/1/94 

fire-shut  down 

60 

61 

62 

11/26/94 

repair  ongoing 

63 

11/30/94 

shelf  to  86.6  m 

90.2 

82.6 

7.6 

0.2 

64 

12/2/94 

restart  well 

90.2 

25 


Table  A1  (Cont'd). 


Date 

Comments 

Bottom 

depth 

(m) 

Water 

level 

(m) 

Pool 

depth 

(m) 

dQ/dt 

(m^/week) 

Q 

(m^) 

Estimated 

radius 

(m) 

65 

12/3/94 

90.2 

83.5 

6.7 

4.7 

66 

12/3/94 

83.4 

67 

12/4/94 

83.4 

68 

12/6/94 

83.6 

69 

12/7/94 

83.8 

70 

12/11/94 

98.6 

83.7 

14.8 

10.4 

71 

12/16/94 

98.8 

84.5 

14.2 

9.9 

72 

12/24/94 

99.0 

84.6 

14.4 

10.1 

73 

12/31/94 

99.5 

84.8 

14.8 

10.3 

74 

1/4/95 

99.7 

85.0 

14.7 

10.3 

75 

1/7/95 

water  samples 

99.8 

85.0 

14.7 

10.3 

76 

1/14/95 

100.0 

85.1 

14.8 

10.4 

77 

1/21/95 

100.2 

85.2 

14.9 

10.5 

78 

1/28/95 

100.3 

85.2 

15.1 

10.6 

79 

1/30/95 

start  consumption 

100.5 

0.000 

10.7 

80 

2/2/95 

100.7 

85.5 

15.2 

32.32 

32.320 

10.7 

81 

2/11/95 

100.9 

85.6 

15.3 

43.24 

75.560 

10.7 

82 

2/18/95 

101.4 

85.8 

15.6 

27.30 

102.86 

10.8 

83 

2/22/95 

pump  failed 

84 

2/25/95 

pump  replaced 

23.33 

126.20 

85 

3/4/95 

101.4 

85.9 

15.5 

4.98 

131.18 

10.9 

86 

3/11/95 

101.5 

86.0 

15.5 

25.47 

156.65 

10.9 

87 

3/18/95 

101.6 

86.1 

15.5 

24.82 

181.48 

10.9 

88 

3/24/95 

101.8 

86.2 

15.6 

25.05 

206.52 

11.0 

89 

4/1/95 

ave.  R=13.1±2.4 

102.0 

86.3 

15.6 

26.33 

232.86 

11.1 

90 

4/8/95 

102.1 

86.5 

15.6 

24.04 

256.90 

11.2 

91 

4/15/95 

102.4 

86.6 

15.8 

25.41 

282.30 

11.3 

92 

4/22/95 

102.5 

86.7 

15.9 

27.90 

310.20 

11.4 

93 

4/28/95 

102.7 

86.8 

15.8 

29.53 

339.73 

11.5 

94 

5/6/95 

102.8 

87.0 

15.8 

25.62 

365.35 

11.5 

95 

5/13/95 

102.9 

87.1 

15.8 

27.36 

392.71 

11.6 

96 

5/20/95 

103.0 

87.2 

15.9 

26.04 

418.75 

11.7 

97 

5/27/95 

103.2 

87.3 

15.9 

26.66 

445.41 

11.7 

98 

6/2/95 

103.4 

87.4 

15.9 

30.33 

475.74 

11.8 

99 

6/9/95 

103.4 

87.6 

15.9 

33.48 

509.22 

11.8 

100 

6/16/95 

103.5 

87.8 

15.7 

30.20 

539.42 

11.9 

101 

6/24/95 

103.7 

87.8 

15.9 

25.14 

564.57 

11.9 

102 

7/1/95 

103.7 

87.9 

15.9 

30.71 

595.28 

11.9 

103 

7/11/95 

103.8 

87.9 

15.9 

26.56 

621.83 

12.0 

104 

7/15/95 

redrilled  hole 

26.59 

648.43 

105 

7/22/95 

pump  repaired 

103.9 

88.1 

15.8 

27.89 

676.32 

12.0 

106 

7/28/95 

104.0 

87.9 

16.1 

28.20 

704.52 

12.0 

107 

8/5/95 

104.0 

88.3 

15.7 

29.73 

734.25 

12.0 

108 

8/11/95 

104.1 

88.1 

16.0 

28.01 

762.26 

12.1 

109 

8/18/95 

104.2 

88.4 

15.8 

29.68 

791.94 

12.1 

110 

8/26/95 

104.4 

88.5 

15.9 

27.94 

819.88 

12.1 

111 

9/1/95 

104.5 

88.6 

15.9 

27.28 

847.16 

12.1 

112 

9/9/95 

104.6 

88.7 

15.9 

26.95 

874.11 

12.1 

113 

9/16/95 

104.8 

88.8 

15.9 

31.24 

905.35 

12.1 

114 

9/23/95 

104.8 

88.9 

15.9 

31.31 

936.66 

12.1 

115 

9/30/95 

104.8 

89.1 

15.7 

30.43 

967.09 

12.1 

116 

10/7/95 

104.9 

89.1 

15.8 

28.74 

995.84 

12.1 

117 

10/14/95 

105.0 

89.2 

15.8 

30.28 

1026.1 

12.1 

118 

10/21/95 

30.74 

1056.9 

119 

10/28/95 

37.37 

1094.2 

120 

11/4/95 

pump  replaced 

105.2 

89.3 

15.9 

45.42 

1139.6 

12.1 

121 

11/10/95 

105.5 

89.3 

16.2 

60.14 

1199.8 

12.1 

122 

11/17/95 

we  arrive 

105.5 

89.7 

15.8 

60.41 

1260.2 

12.1 

123 

11/24/95 

105.8 

89.9 

15.9 

49.72 

1309.9 

12.0 

124 

12/1/95 

105.9 

90.0 

16.0 

53.25 

1363.2 

12.0 

125 

12/8/95 

2nd  hole  done 

106.1 

90.2 

15.9 

55.41 

1418.6 

12.0 

126 

12/15/95 

2  collections 

106.2 

90.3 

15.9 

58.89 

1477.5 

11.9 

127 

12/22/95 

106.3 

90.5 

15.9 

59.10 

1536.6 

11.9 

128 

12/29/95 

6  collections 

106.5 

90.6 

15.9 

65.86 

1602.4 

11.9 

26 


31  Dec  92  31  Dec  93  31  Dec  94  31  Dec  95 

Figure  Al.  Measured  SPWW  dimensions  and  water  consumption. 

Assuming  that  the  shape  factor  a  is  approximately  constant  as  the  well  develops, 
the  change  in  pool  volume  becomes 

dVp  =  2aHRdR  +  aR^dH  (A6) 

Inserting  eq  A6  into  eq  A4  yields 

dQ  =  'Y.pKR^dL-^l-'Yp^^2aHRdR  +  aR^dH^  .  (A7) 

Because  water  consumption,  water  levels,  and  pool  depths  were  measured,  we 
may  use  eq  A7  to  determine  pool  radius  throughout  well  development.  Note  that 
the  specific  gravify  of  ice  increases  appro ximafely  linearly  wifh  depfh  over  fhe  pool 
depfhs  of  inferesf  (Kuivinen  ef  al.  1982): 

Yp  =  0.68  +  0.0028(£)p  -  6o) ,  (A8) 

where  Dp  is  fhe  average  pool  depfh  in  mefers. 

Measuremenf  uncerfainfies  in  dL  and  dH  and  slighf  timing  differences  befween 
fhese  measuremenfs  and  fhose  for  dQ  can  yield  unrealistic  values  of  R  if  eq  A7  is 


Figure  A2.  Schematic  of  well  pool,  showing  changes  in  dimensions  as  the  pool  deepens. 
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solved  for  each  set  of  values  in  Table  Al.  Instead,  we  generated  pol5momial  curves 
that  give  very  good  fits  to  the  data  and  reduce  the  influence  of  uncertainties  in 
these  measurements. 

There  are  three  periods  of  interest: 

1.  From  initial  startup  on  12/8/92  to  the  fire-induced  shutdown  on  3/1/94, 

2.  From  restart  on  12/2/94  to  the  start  of  consumption  on  1/30/95,  and 

3.  The  period  of  consumption  ending  12/29/95  after  our  six  collector  deploy¬ 
ments. 


Periods  1  and  2 

For  the  first  two  periods,  no  consumption  occurred.  Setting  dQ  =  0  and  using  the 
substitution  x  =  D  -  60,  eq  A7  becomes 


^  =  c(x)R(x)  , 
ax 


where 


c{x)  = 


dL, 

dx 


■a 


dH 

dx 


2aH{x) 


(A9) 


The  solution  of  eq  A9  is  simply 


R{x)  =  Rq  exp 


c{x)dx 


Vo 


(AlO) 


where  Ro  =  R{0). 

Figure  A3  shows  the  measured  water  levels  and  a  third-degree  polynomial  ap¬ 
proximation  for  L  (x)  over  period  1.  Note  that  H{x)  =  x  +  60-L  (x).  Figure  A4  shows 
the  resulting  solution  for  a=  2%/ 3  and  R  o  =  15  cm  (the  radius  of  the  hot- water  drill) 
plotted  as  R{L).  This  curve  represents  the  predicted  shape  of  the  well  cavity  formed 


Figure  A  3.  Period  1  (prefire)  wafer  ie/d  vs.  dqoth  and  third-degree 
poiynomiai  curve  fitted  to  data. 
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Figure  A4.  Predicted  period  1  cavity  shape,  from  eq  AlO. 
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during  period  1.  There  are  two  main  problems  with  these  results.  First,  the  pre¬ 
dicted  radius  at  the  level  of  the  freeze-back  ice  cover,  R(82.6  m)  =  16  m,  is  subsfan- 
fially  larger  fhan  fhaf  esfimafed  from  down-hole  video  images  (8  ±2  m).  Second, 
fhe  observed  cavify  appeared  fo  flare  ouf  af  ifs  upper  end  and  become  more  verti¬ 
cal  foward  ifs  boffom;  fhaf  is,  if  appeared  fo  be  bell-shaped.  The  predicfed  shape 
acfually  has  fhe  opposife  frend:  if  is  narrow  (wifh  near  verfical  walls)  af  ifs  upper 
end,  and  if  flares  ouf  fowards  fhe  boffom. 

The  mosf  likely  cause  for  fhe  poor  prediction  by  eq  AlO  is  fhaf  if  does  nof  ac- 
counf  for  wafer  percolafion  ouf  of  fhe  well  (dQ  0  in  eq  A7).  Based  on  ofher 
Rodriguez  wells,  Lunardini  and  Rand  (1995)  assumed  fhaf  percolafion  would  cease 
af  an  ice  specific  gravify  greafer  fhan  0.72,  corresponding  fo  depfhs  below  74  m. 
This  generally  agrees  wifh  Williams  (1974),  who  expecfed  fhaf  percolafion  from  fhe 
tirsf  Soufh  Pole  Rodriguez  well  would  cease  af  abouf  76  m.  Modeling  fhe  percola¬ 
fion  from  fhe  well  is  beyond  fhe  presenf  scope  of  work  and  would  infroduce  ifs 
own  uncerfainfies.  A  more  satisfactory  approach  would  be  fo  measure  fhe  cavify 
radius  as  a  funcfion  of  depfh  using  a  device  lowered  info  fhe  well. 

Period  2  covers  fhe  fwo-monfh  period  affer  resfarfing  fhe  well  on  12/2/94  buf 
before  consumpfion  began  on  1  /  30/ 95.  The  well  had  frozen  back  abouf  11m  dur¬ 
ing  fhe  nine-monfh  shuf  down  affer  fhe  fire.  Alfhough  percolafion  would  nof  be 
significanf  during  period  2,  new  ice  had  nof  been  melted  before  fhe  sfarf  of  con¬ 
sumpfion.  Thaf  is,  fhere  is  no  need  fo  analyze  period  2  fo  defermine  fhe  volume  of 
ice  melfed  fhaf  released  micromefeorifes  info  fhe  well. 

Period  3 

During  fhe  period  of  wafer  consumpfion,  fhe  wafer  level  was  below  85  m,  and 
we  would  expecf  percolafion  fo  be  zero.  Thus,  eq  A7  may  be  used  fo  relafe  changes 
in  well  dimensions  fo  fhe  rate  of  wafer  consumed.  Figure  A5  shows  fhe  polynomial 
curves  fitted  fo  L,  H,  and  Q  data  for  period  3  (wifh  x  =  D-  100.5).  Note  fhaf  dH / dx 
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X  =  D-100.5 


Figure  A5.  Period  3  (consumption)  dimensions  and  water  consumption,  and 
polynomial  curves  fitted  to  data. 


over  the  period  is  less  than  0.1,  so  we  may  treat  H  as  a  constant  for  the  period,  H  = 
15.5  m.  In  addition,  solution  of  eq  A7  requires  an  infegrafion  consfanf.  If  we  as¬ 
sume  fhaf  changes  in  well  radius  become  small  near  fhe  end  of  fhe  period  (i.e.,  fhe 
well  dimensions  sfabilize)  we  may  solve  eq  A7  wifh  dR/dx  =  0to  obfain  an  infegra¬ 
fion  consfanf,  R{6  m)  =  11.9  m. 

Figure  A6  shows  fhe  resulting  prediction  for  fhe  R{L)  obfained  by  solving  eq  A7 
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for  both  ellipsoid  and  paraboloid  pool  shapes  and  averaging  the  results  (radii  dif¬ 
ferences  due  to  pool  shape  are  less  than  about  30  cm).  Note  that  the  predicted  ra¬ 
dius  of  11.1  m  at  L  =  86.3  m  agrees  with  the  results  of  the  draw-down  tests  con¬ 
ducted  in  March/  April  1995,  R  =  13.1  ±2.4  m. 

Composite  well  shape 

We  may  use  the  foregoing  analyses  to  compose  our  best  estimate  of  the  well 
shape  at  the  end  of  our  collector  deployments  in  December  1995.  For  the  period  of 
water  consumption,  eq  A7  provides  a  reasonable  estimate  for  the  cavity  shape.  In 
addition,  shape  data  from  previous  Rodriguez  wells  and  our  own  video  records 
from  the  SPWW  indicate  that  an  ellipsoidal  pool  shape  is  reasonable  for  the  below- 
water  portion  of  the  well.  Unfortunately,  by  not  accounting  for  percolation,  eq  A7 
yields  an  unrealistic  shape  for  the  prefire  well  cavity.  Therefore,  for  period  1  (and 
the  short  period  2)  we  will  estimate  cavity  shape  by  using  an  approximation  adopted 
by  Lunardini  and  Rand  (1995):  the  ratio  of  pool  radius/depth  is  approximately 
constant.  This  ratio  for  period  3  ranges  from  0.69  to  0.77  and  averages  0.74.  We  used 


Figure  A7.  Composite  well  shape,  showing  two  possible 
prefire  cavity  shapes. 
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its  value  at  the  start  of  consumption,  R/H  =  0.70,  to  ensure  that  the  well  shape  is 
continuous  at  the  transition  from  period  2  fo  period  3. 

Figure  A7  shows  fhe  resulfing  composife  well  shape.  Use  of  R/H  =  0.70  for  pe¬ 
riod  1  yields  a  bell-shaped  cavify  fhaf  is  qualifafively  consisfenf  wifh  fhe  observed 
shape.  If  predicfs  a  radius  of  10  m  af  fhe  level  of  fhe  freeze-back  ice  cover,  consisfenf 
wifh  fhe  observed  value  of  8  ±2  m.  However,  R/H=  0.70  probably  overpredicfs  fhe 
cavify  size  near  ifs  upper  level.  Thus,  Figure  A7  shows  a  conical  wall  shape  fhaf 
should  underpredicf  fhe  prefire  cavify  size.  Figure  A7  also  shows  ellipsoidal  pools 
as  fhey  would  have  exisfed  immediafely  before  fhe  1994  fire  and  jusf  following  our 
1995  collecfor  deploymenfs. 

Ice  volume  and  mass  melted 

We  may  use  Figure  A7  to  estimate  the  volume  and  mass  of  ice  melfed  fhaf  con- 
fribufed  micromefeorifes  fo  fhe  well.  The  prefire  cavify  volume  ranges  between 
3,300  m3  and  4,400  m3  for  fhe  conical  and  R/H  =  0.70  shapes,  respectively  Using 
fhe  average  value  and  applying  a  20%  uncerfainfy,  we  esfimafe  fhe  prefire  ice  vol¬ 
ume  melfed  as  3,900  ±800  m3.  The  period  3  analysis  yields  a  cavify  volume  of  2,200 
m3  wifh  an  ellipsoidal  pool  of  4,700  m3.  Assuming  ±10%  uncerfainfy,  fhe  period  3 
ice  volume  melfed  is  6,900  ±700  m3.  Combining  fhese  values  yields  a  fofal  volume 
of  ice  melfed  as  11,000  ±1,000  m3.  Accounting  for  fhe  variafion  of  densify  wifh  depfh, 
we  esfimafe  fhe  fofal  ice  mass  melfed  as  8,100  ±900  formes. 
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APPENDIX  B:  SUMMARY  OF  COLLECTOR  DEVELOPMENT  TESTS. 


Date 

Collector 

test 

facility 

Mat'l 

added 

(§) 

Mat'l 

recovered 

(g) 

Percent 

recovered 

Type  of 
material 

Remarks 

14  May 

1ft 

100 

71.07 

71.07 

Mixture  A 

Fines  from  aolian 
sample  were  not 
recovered,  they  did 
not  plug  the  filter. 

16  May 

1ft 

200 

165.6 

82.80 

Ss  297-420  pm 

Particles  were 
flushed  ouf  of 
collector  by  water 
draining  through  slot. 

24  May 

1ft 

200 

191.6 

95.80 

Ss  200M:00  pm 

Tried  polyethyl¬ 
ene  check  valve 

30  May 

1ft 

100 

78.81 

78.81 

Ss  200M:00  pm 
Bg  75-150  pm 

Check  valve  not 
tight 

29  Jun 

4-ft 

tank 

390.1 

387 

99.21 

Ss  200M:00  pm 
Bg  75-150  pm 

Rough  ice, 
multiple  passes 

30  Jun 

4-ft 

tank 

100.1 

99.54 

99.44 

Ss  200M:00  pm 
Bg  75-150  pm 

Smooth  ice  50  g, 
rough  ice  50  g 

6Jul 

4-ft 

tank 

100 

99.46 

99.46 

Ss  200M:00  pm 
Bg  75-150  pm 

Smooth  ice  50  g, 
rough  ice  50  g 

lOJul 

4-ft 

tank 

231.51 

206.38 

89.15 

Mixture  B 

Rough  ice  surface 

23  Aug 

4-ft  basin 

Ss  200M00  pm 
Bg  75-150  pm 

Could  see  sweep  line 
of  collector 

6  Sep 

4-ft  tank 

Outer  flap  picked  up 
particles  extremely 
well. 

24  Aug 

8-ft  basin 

Needs  weight 
in  center 

28  Aug 

8-ft  basin 

Bg  >400  pm 

Ss  =  Silica  sand. 

Bg  =  Black  glass. 

Mixture  A:  50  g  Antarctic  aeolian  dust,  49  g  silica  sand  297-420  (xm,  1  g  metal,  and  glass 
spheres  SOMOO  [xm  size. 

Mixture  B:  68  g  silica  sand  200-400  [xm,  20  g  black  glass  150-425  (xm,  8  g  stainless  steel 
spheres  60-125  [xm,  and  4  g  black  glass  75-150  |xm. 
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APPENDIX  C:  SUMMARY  OF  COLLECTOR  DEPLOYMENTS  IN  SPWW. 


Date 


14  Dec 


15  Dec 


18  Dec 


22  Dec 


23  Dec 


25  Dec 


Deployment  no./ 

area  collected  Configuration 


1 

Pocket  1 


2 

Pocket 
1  &2 


3 

Plateau 

only 


Single  weights  on  short  shaft 
Small  hubs  on  outside  of  weights 
Small  hanging  hoop 


Single  weights  on  short  shafts 
Large  hub,  6.25  <O.D.  on 
inside  of  weight  on 
lower  end,  outside  on 
upper  end 
Small  hanging  hoop 


Double  weights  on  both  shafts 
Small  hubs  outside,  large  inside 
Small  hanging  hoop 


4 


5 

Pocket  5 


6 

Pocket  6 
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